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Kurzzusammenfassung
Aus multikristallinem Silizium hergestellte Solarzellen zeigen eine ausgeprägte Degradati-
on ihrer Energieumwandlungseffizienz unter Beleuchtung bei erhöhter Temperatur. In der
Literatur wird dieses Phänomen häufig als LeTID-Effekt ("Light and elevated Temperature
Induced Degradation") bezeichnet. Diese Arbeit untersucht sowohl die Eigenschaften als
auch die Ursache der Degradation.
Diese Arbeit zeigt zum ersten Mal, dass die Degradation der Effizienz auf eine Degrada-
tion der Volumenlebensdauer des Siliziummaterials zurückgeführt werden kann. Wird die
Beleuchtung bei erhöhter Temperatur über die maximale Degradation hinaus fortgesetzt,
zeigt sich eine Regeneration der Ladungsträgerlebensdauer auf Werte vergleichbar mit
den initialen Werten vor Degradation. Auf diesen Erkenntnissen basierend werden Un-
tersuchungen auf Silizium-Lebensdauerproben durchgeführt, um die fundamentale De-
fektphysik und den Einfluss von Prozessschritten sowie den Bedingungen der Probenbe-
leuchtung zu evaluieren.
Kurzzeitige Hochtemperaturbehandlungen, wie sie typischerweise als letzter Prozessschritt
während der Herstellung von Solarzellen angewendet werden, zeigen einen starken Ein-
fluss auf das Ausmaß der Degradation. Mit steigender Spitzentemperatur während der
Temperaturbehandlung steigt das Ausmaß der Degradation an. Darüber hinaus zeigen
Proben, welche zuvor einen Phosphor-Getterschritt erhalten haben, eine deutlich vermin-
derte Degradation gegenüber Proben, welche diesen Prozessschritt nicht erhalten haben.
Weiterhin hat die Probendicke einen großen Einfluss auf das Ausmaß der Degradation
sowie auf die Rate der Regeneration. Dünnere Proben zeigen eine weniger ausgeprägte
Degradation und eine früher einsetzende Regeneration als dickere Proben.
Schließlich wird der Einfluss von verschiedenen Schichten zur Oberflächenpassivierung
untersucht. Nur Proben, bei denen wasserstoffreiches Siliziumnitrid (SiNx ) Teil der Ober-
flächenpassivierung ist, zeigen eine ausgeprägte Degradation der Ladungsträgerlebens-
dauer. Von diesem Ergebnis ausgehend wird der Einfluss von SiNx -Passivierschichten
im Detail untersucht. Im SiNx gebundener Wasserstoff diffundiert während der schnel-
len Temperaturbehandlung aus der Schicht in das Siliziumvolumen hinein. Zum ersten
Mal wird gezeigt, dass das Ausmaß der beobachteten Degradation direkt mit der Konzen-
tration des eindiffundierten Wasserstoffs korreliert. Dies zeigt deutlich, dass Wasserstoff
direkt am LeTID-Mechanismus beteiligt ist.
Aufbauend auf den experimentellen Ergebnissen dieser Arbeit wird ein Defektmodell ent-
wickelt. Das Defektmodell beinhaltet schwach oder nicht rekombinationsaktive Metall-
Wasserstoff-Komplexe als wahrscheinliche Vorstufe für den die Lebensdauer limitierenden
Defekt. Die Degradation wird durch eine Dissoziation des Metall-Wasserstoff-Komplexes
erklärt und die Regeneration durch die Diffusion des rekombinationsaktiven Metalls zu
den Waferoberflächen. Messungen an Proben mit unterschiedlichen Dicken erlauben die
Bestimmung des Diffusionskoeffizienten des Metalls in Silizium zu (5± 2)× 10−11 cm2 s−1
bei einer Temperatur von 75 ◦C. Im Ergebnis sind Kobalt und Nickel wahrscheinliche Kan-
didaten für die metallische Spezies.
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Abstract
Solar cells fabricated on multicrystalline silicon show a pronounced degradation of their
energy conversion efficiency under illumination at elevated temperature. This effect is
frequently denoted LeTID (’Light and elevated Temperature Induced Degradation’) in the
literature. Within this thesis, the properties and the root cause of the degradation phe-
nomenon is investigated in detail.
It is shown for the first time that the degradation in efficiency is caused by a pronounced
degradation of the carrier lifetime in the silicon bulk. Upon prolonged illumination at ele-
vated temperature, a regeneration of the carrier lifetime is observed which leads to lifetime
values comparable to the inital value. Based on this finding, a series of comprehensive
lifetime studies is performed to elucidate the fundamental defect physics and the impact
of process steps as well as the illumination conditions on the carrier lifetime degradation
and regeneration.
Rapid thermal annealing, which is typically applied as the last process step during solar
cell fabrication, is found to have a strong impact on the degradation extent. The degra-
dation extent strongly increases with increasing peak temperature. In contrast to that,
samples which receive a phosphorus gettering treatment show a less pronounced degra-
dation than samples without phosphorus gettering. Furthermore, the degradation extent
and the regeneration rate strongly depend on the wafer thickness. Thin samples show a
less pronounced degradation and the regeneration of the carrier lifetime sets in earlier.
Finally, we show that the surface passivation scheme of the lifetime samples affects the
LeTID effect. Only samples with hydrogen-rich silicon nitride (SiNx ) films being part of the
surface passivation scheme show the most pronounced degradation of the carrier lifetime.
Based on these findings, the role of SiNx passivation layers on the lifetime-limiting defect
is examined in detail. Hydrogen bound within the SiNx films diffuses into the silicon bulk
upon rapid thermal annealing. For the first time, a direct correlation between the hydrogen
concentration in the silicon bulk and the degradation extent is shown, clearly proofing that
hydrogen is directly involved in the LeTID mechanism.
Finally, a defect model based on the experimental findings of this thesis is derived. The
defect model includes weakly or even non-recombination active metal-hydrogen com-
plexes as the most likely precursor for the lifetime-limiting defect. The degradation is
caused by a dissociation of the metal-hydrogen complexes, whereas the regeneration
is caused by the diffusion of the recombination active metal to the wafer surfaces. Mea-
surements on samples with different thicknesses point towards a diffusion coefficient of
(5± 2)× 10−11 cm2 s−1 of the metallic species in silicon at 75 ◦C. In conclusion, cobalt
and nickel are likely candidates for the metallic species.
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dauer, Rekombination, Siliziumnitrid, Defekte
Keywords: solar cells, silicon, light-induced degradation, charge carrier lifetime, recom-
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The transition of the energy system from fossil fuels to renewable energy sources is a
great challenge. Photovoltaic (PV) energy generation with its fast growing market and
decreasing costs plays a major role in the energy transition. A cumulative global PV
installation of 515 GW at the end of 2018 with a total power generation of 443 TWh in
2017 underlines the relevance of photovoltaics [1]. Levelized costs of energy (LCOE) in
the range from 4 to 7 cte for PV power plants in germany make PV electricity generation
also very attractive from an economical point of view [1].
The global production share of crystalline silicon PV is around 95 percent with a
record efficiency for monocrystalline silicon solar cells of 26.7 % [1, 2]. However, mul-
ticrystalline silicon (mc-Si) holds more than half of the world’s market share, because
of lower fabrication costs of mc-Si wafers [3]. The drawback of using mc-Si wafers is a
lower energy conversion efficiency due to increased recombination because of increased
impurity concentrations and crystallographic defects. The current record efficiency for an
mc-Si solar cell is 22.3 % and thus considerably lower than for monocrystalline silicon
solar cells [2, 4]. To achieve mc-Si solar cells which are nevertheless competetive with
monocrystalline silicon solar cells, the PV industry shifts towards mc-Si solar cells with a
cell structure that enables high efficiencies. This is the passivated emitter and rear solar
cell (PERC), which enables higher energy conversion efficiencies than the full aluminium
back surface field structure (Al-BSF). In contrast to the Al-BSF solar cells, the PERC
solar cells feature a rear-side Al2O3/SiNx stack passivation [5].
In 2012, Ramspeck et al. [6] reported that mc-Si PERC solar cells show a pro-
nounced light-induced degradation upon illumination at elevated temperature (> 50 ◦C).
They were not able to explain this effect by known degradation mechanisms such as
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the boron-oxygen defect activation [7–9] or the iron-boron pair dissociation [10, 11] and
hence attributed the effect to a new degradation mechanism [6]. Since the degradation is
particularly pronounced on mc-Si solar cells with an Al2O3/SiNx -passivated rear surface,
this degradation mechanism strongly interferes with the introduction of mc-Si PERC solar
cells into the market [6, 12, 13]. The increasing number of studies on this phenomenon
in recent years underlines the practical and fundamental relevance of the effect, which is
frequently denoted ’LeTID’ (Light and elevated Temperature Induced Degradation) in the
literature [13].
Before the beginning of this thesis, there were only two reports published on LeTID of
mc-Si solar cells in the literature. As described above, Ramspeck et al. [6] were the first
who reported on an unexpected and pronounced efficiency degradation of mc-Si PERC
solar cells under illumination at elevated temperature. Subsequently, Fertig et al. [12]
showed degradation experiments on three different mc-Si solar cell architectures and
concluded that an aluminium oxide surface passivation might play a role in the degrada-
tion mechanism.
The focus of this thesis is to reveal the fundamental physics behind the efficiency
degradation in mc-Si PERC solar cells. It is shown that a pronounced change in the bulk
carrier lifetime causes LeTID and eventually, upon further illumination at elevated tem-
perature, a regeneration. A detailed analysis of the impact of processing steps on the
carrier lifetime evolution as well as the detailed kinetics of the degradation and regenera-
tion processes enables us to narrow down the possible root causes of the phenomenon.
Furthermore, we introduce a LeTID defect model, which consistently describes the ex-
perimental findings presented in this thesis and in the literature.
Chapter 2 starts with an overview of the fabrication proccesses of multicrystalline
silicon (mc-Si), Czochralski-grown silicon (Cz-Si) and float-zone silicon (FZ-Si). Subse-
quently, intrinsic semiconductors are introduced and the doping of such to utilize them
for technological applications is elucidated. In the following, the different recombination
channels for excess charge carriers are described.
Chapter 3 gives an overview of techniques used for the characterization of silicon
samples and thin film coatings. At first, integral and spatially resolved measurement
techniques for the carrier lifetime of silicon wafers are described. The chapter concludes
with an introduction to thin film characterization techniques such as ellipsometry for the
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determination of film thickness and refractive index, Fourier Transform Infrared Spec-
troscopy (FTIR) and Nuclear Reaction Analysis (NRA) for the determination of hydrogen
concentrations and Rutherford Backscattering Spectroscopy (RBS) for the determination
of the composition and areal atomic density of the films.
Chapter 4 starts with an overview of processing steps used for the fabrication of sil-
icon lifetime samples. In the following, the degradation and regeneration of the carrier
lifetime in mc-Si lifetime samples is investigated in detail. The impact of sample process-
ing steps on the defect activation kinetics as well as on the LeTID extent is investigated.
Furthermore, the impact of illumination intensity and sample temperature on the defect
activation kinetics is analyzed.
Chapter 5 introduces the properties of hydrogen-rich silicon nitride coatings and the
in-diffusion of hydrogen from these coatings into the silicon bulk. Since the results of
chapter 4 point towards an involvement of hydrogen in the defect physics of the carrier
lifetime instability in mc-Si, this chapter investigates the impact of hydrogen-rich silicon
nitride films on the degradation extent. A method for the determination of hydrogen
concentrations in boron-doped monocrystalline silicon is introduced.
Chapter 6 combines the results of the previous chapters in a defect model that de-
scribes both the carrier lifetime degradation and regeneration. Indications for the involve-
ment of hydrogen as well as the involvement of a metallic impurity are combined in a
defect model, assuming that metal-hydrogen complexes play a major role. The chapter
concludes with a comparison between the proposed LeTID defect model and experi-
ments in the literature.
Chapter 7 summarizes the results presented in this thesis.
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Properties of crystalline silicon
This chapter introduces the fabrication processes for silicon materials commonly used
in the PV industry. Furthermore, fundamental quantities of semiconductor physics and
recombination processes that limit the efficiency of silicon solar cells are introduced.
2.1 Silicon materials
Starting point for all silicon materials is silicon dioxide which is abundant in the earth’s
crust. In a first extraction step, metallurgical-grade silicon with a purity of more than 98 %
is obtained via reduction of the raw material in an electric arc furnace [14]. Since this
purity is not sufficient for photovoltaic applications, further purification steps are needed.
The most widely used process for further purification is the Siemens process where the
metallurgical-grade silicon is transferred into gaseous trichlorosilane [14]. High-purity
polycrystalline silicon is then obtained by chemical vapor deposition (CVD) onto seed
rods [15]. Polycrystalline silicon is the starting point for all subsequent crystallization
techniques for both monocrystalline and multicrystalline silicon.
2.1.1 Multicrystalline silicon
Within this thesis, we investigate commercially available block-cast boron-doped mul-
ticrystalline silicon. Figure 2.1 shows a schematic of the casting setup for the production
of multicrystalline silicon. High-purity polycrystalline silicon feedstock and the doping
material is fed into a quartz crucible. The inner side of the crucible is coated with pre-
annealed silicon nitride powder, preventing direct contact of the silicon melt with the cru-
cible [16]. Directional solidification of the melt starts at the bottom of the crucible and










FIGURE 2.1: Schematic of a casting setup with directional solidification for the produc-
tion of multicrystalline silicon.
progresses to the top [16]. After complete solidification, the ingot is detached from the
crucible and sawn into (depending on the ingot size) multiple bricks, each with a base
area of approximately 156 mm× 156 mm. However note that there are different industry
standards for the actual wafer size with the industry moving towards larger wafers. The
finished as-cut wafers are sawn from these bricks with a typical thickness of 180 µm.
The goal during directional solidification is a planar interface between the melt and the
solidified part, ensuring a columnar growth of the mc-Si ingot. A characteristic feature
of multicrystalline silicon material are columnar single crystals, with multiple sizes and
crystal orientations of the grains. This leads to inhomogeneous material properties such
as the grain size distribution.
Albeit the fabrication of multicrystalline silicon is easily-scalable and hence more suit-
able for low-cost silicon wafer production, impurities and crystallographic defects in the
material are a drawback. At the high temperature of the molten silicon, metal contami-
nants diffuse from the crucible and the crucible’s coating into the silicon. Because these
contaminants, mostly metals, are often recombination-active, they limit the bulk carrier
lifetime especially in the edge regions of the wafers. This zone of reduced carrier lifetime
is often referred to as ’red zone’ [17]. To increase the mc-Si material quality, there are ef-
forts to minimize the impuritiy concentrations by using highly pure crucibles and coatings
[18].
Another source of recombination are crystallographic defects such as dislocations.
Since grain boundaries impede the propagation of dislocations during crystal growth,
another way to improve mc-Si material is solidification into small grains. This high-
performance (HP) mc-Si material is casted with a seed nucleation layer in the crucible,


















FIGURE 2.2: Schematic of the Czochralski growth process for the production of
monocrystalline silicon.
inducing the growth of many small grains and thus reduced dislocation density [19, 20].
2.1.2 Czochralski-grown silicon
During the Czochralski growth process, a single crystal is grown from the liquid phase
using a seed crystal in contact with the melt. By rotating and slowly pulling this seed
crystal from the melt, a single crystal is formed. A schematic of the growth process is
shown in Fig. 2.2. The result is a dislocation and impurity lean monocrystalline ingot,
which is widely used within the microelectronic and PV industry. However, the Cz-grown
silicon ingots feature very high oxygen concentrations stemming from the quartz crucible
which are beneficial for the fabrication of integrated circuits but unfavorable for solar cells
[21, 22]. On the one hand, the high oxygen concentration adds mechanical strength
to the samples leading to reduced wafer breakage [23]. Furthermore, a high oxygen
concentration is beneficial for metal-impurity gettering by using its ability to form oxygen
precipitates and lattice defects [24]. On the other hand, boron-oxygen related recombi-
nation centres limit the conversion efficiency of Cz-Si solar cells [25, 26].
2.1.3 Float-zone silicon
In the float-zone process, the polysilicon rod is mounted vertically in an inert gas environ-
ment with admixtures of doping gases such as diborane for the growth of p-type silicon
and phosphine for n-type silicon. As shown in Fig. 2.3, a heating coil moves along the
height of the rod and melts a small segment of the silicon. Starting from a seed crystal







FIGURE 2.3: Schematic of the float-zone process for the production of monocrystalline
silicon.
with given orientation, the melt crystallizes into monocrystalline silicon [27]. Since the
molten silicon is in sole contact to the gas environment, there is no in-diffusion of impu-
rities apart from the dopant atoms into the silicon. In addition to that, metal impurities
are gettered into the liquid phase of the molten silicon, because of a larger solubility of
metallic impurities in molten silicon. Thus, the top part of the crystal is discarded due
to the accumulation of metallic impurities. The high-purity bulk of FZ-Si enables highest
carrier lifetimes and serves as a reference e.g. for the investigation of surface passivation
layers. Since the production of FZ-Si material is expensive and the maximum diameter
of the processed ingots is limited, FZ-Si is used for highest efficiency research solar cells
only.
2.2 Intrinsic semiconductors and doping
The electrical properties of semiconductors such as silicon are characterized by a for-
bidden energy gap between the valence band and the conduction band. Let EV be the
upper boundary of the valence band and EC the lower boundary of the conduction band,
then the width of the energy gap is Egap = EC −EV . The total number of occupied states
in both bands depends on both the Fermi-Dirac distribution f (E) and on the densities of
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states DV and DC in the respective band. With
DV (E) = 4pi(m∗h/h
2)3/2 · (EV − E)1/2 and
DC(E) = 4pi(m∗e/h
2)3/2 · (E − EC)1/2 (2.1)
being the densities of states, m∗e being the effective mass of electrons, m∗h the effective




DC(E)f (E)dE and p0 =
∫ EV
−∞
DV (E)f (E)dE , (2.2)
with n0 the electron density and p0 the hole density. In most cases, the conditions (EC −
EF )  kBT and (EF − EV )  kBT are satisfied with EF being the Fermi energy, kB the
Boltzmann constant and T the absolute temperature. Therefore, the Fermi-Dirac distribu-
tion can be approximated by the Boltzmann distribution fB(E) = exp
(−(E − EF )/(kBT ))
which simplifies the integration of Eqn. 2.2. Thus, the total densities of electrons and





































with NV and NC being the effective densities of states for the valence band and the
conduction band, respectively. A fundamental quantity of a semiconductor is the intrinsic
carrier density ni , which is connected to n0 and p0 by the mass action law:
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In an ideal intrinsic semiconductor, the condition ni = n0 = p0 is satisfied. Using this




















≡ Ei . (2.5)
In order to apply semiconductors such as silicon for technological applications, dopants
are introduced into the material which intendedly increase the number of electrons or
holes. Dopants are separated into two groups: donors and acceptors. Elements from
the fifth group of the periodic table of the elements (such as phosphorus, arsenic and
antimony) have five valence electrons and are used to increase the number of electrons
in silicon. On the other hand, elements from the third group (such as boron, gallium
and indium) are used to increase the number of holes in silicon. Hence, the balance
between n0 and p0 is disturbed and a new equilibrium adjusts with one carrier species
being majorities and the other species being minorities. If the electrons are majority
carriers the material is called n-type and if holes are the majority carriers the material is
called p-type.
2.3 Recombination and carrier lifetime
Exciting electron-hole pairs in a semiconductor results in excess charge carriers. Under
the reasonable assumption of charge neutrality, the excess carrier concentrations ∆n for
electrons and ∆p for holes are equal. Thus, the total concentrations of charge carriers
now reads:
n = n0 +∆n = n0 +∆p for electrons and
p = p0 +∆p = p0 +∆n for holes. (2.6)
The excitation of excess carriers can e.g. be accomplished by illuminating the sample
with light of sufficiently high photon energies (hν > Eg). However, due to recombination
processes a steady-state condition is established, where the total generation rate Gtotal
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of excess carriers equals the total recombination rate Utotal. Note that the total generation
rate is composed of the thermal generation rate Gthermal and the generation rate due to
the illumination Gillumination. Upon switching off the illumination, the initial state is restored
with an effective recombination rate Ueff = Utotal − Gthermal, since the thermal generation





Under the simplified assumption that Ueff(∆n) is proportional to ∆n, the solution of Eqn.
2.7 is a mono-exponential decay with the time constant τ independent of ∆n. This time





Note that the recombination rate Ueff frequently shows a superlinear dependence on∆n,
making the carrier lifetime depend on the excess carrier density ∆n.
2.3.1 Radiative recombination
The radiative band-to-band recombination describes the direct recombination of an elec-
tron from the conduction band with a hole from the valence band. The energy differ-
ence between the electron and the hole is emitted as a photon of corresponding energy.
Therefore, the process can be considered as the inverse process of the photogenera-
tion. Since in each radiative recombination event exactly one electron and one hole is
involved, the recombination rate depends on both the concentration of electrons in the
conduction band n and the concentration of holes in the valence band p. Thus, the total
radiative recombination rate Urad.total is given by [28]:
Urad.total = B · n · p, (2.9)
with B being the coefficient of radiative recombination. Subtracting the radiative recom-
bination rate in the equilibrium state from the total radiative recombination rate yields the
12 Chapter 2. Properties of crystalline silicon






Due to screening effects, the proportionality factor B(∆n, p0, n0) is dependent on the
excess carrier density ∆n and the base doping density p0 for p-type silicon and n0 for
n-type silicon [29].
2.3.2 Auger recombination
In contrast to the process of radiative recombination described above, for Auger recom-
bination the energy released upon recombination of an electron with a hole is not emitted
in the form of a photon with corresponding energy. It is rather transferred to a third
particle being an electron in an electron-electron-hole event (eeh-event) or a hole in an
electron-hole-hole event (ehh-event). Under the assumption of non-interacting quasi-free
particles [30–32], the Auger recombination rate depends on the concentrations of each
particle involved:
UAuger.total = Ceehn2p + Cehhnp2 (2.11)
with Ceeh and Cehh being the corresponding Auger coefficients [33]. Substracting the








np2 − n2i p0
)
. (2.12)
The Auger coefficients ideally do not depend on neither the doping density of the silicon
nor on the excess carrier density. However, there are deviations from this ideal case in-
cluding effects due to phonon and Coulomb interaction [34, 35]. Especially at low excess
carrier densities, the Auger recombination is Coulomb-enhanced. This is accounted for
by the enhancement factors geeh and gehh. The resulting Auger coefficients C∗eeh and
C∗ehh which include the enhancement factors are:
C∗eeh = geeh · Ceeh and C∗ehh = gehh · Cehh. (2.13)






































FIGURE 2.4: Band diagram with a single monovalent energy state Et within the band
gap. The diagram shows four possible interactions of electrons or holes with the energy
state at Et : (i) electron emission into the conduction band, (ii) electron capture from the
conduction band, (iii) hole capture from the valence band and (iv) hole emission into
the valence band.
The enhancement factors depend on both the doping density of the silicon and the excess
carrier density [34–36].
2.3.3 Intrinsic lifetime
Both the radiative recombination as well as the Auger recombination occur intrinsically in
crystalline silicon, thus they sum up to the intrinsic effective recombination rate Uintr.eff.



















In addition to the intrinsic recombination, there is extrinsic recombination due crystal-
lographic defects, impuritites in the bulk and surface states. In the most simple case,
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the recombination involves a single monovalent state within the silicon band gap. In this
case, the recombination can be described using the recombination statistics of Shockley,
Read and Hall (SRH-statistics) [37, 38]. In the following, the derivation of the SRH statis-
tics is outlined based on the interactions of electrons or holes with an energy state within
the band gap as shown in Fig. 2.4 and following a description from Schlachetzki [39].
If there is a defect state with an energy level Et in the semiconductor band gap,
then electrons and holes may interact with the defect through the processes shown in
Fig. 2.4. Let Nt be the density of the defect and ft the probability that the defect is
occupied by an electron. Then, the electron emission rate Relectron.e is proportional to
both Nt and ft : Relectron.e ∝ Nt ft . Using the same approach, the electron capture rate
Relectron.c is proportional to Nt (1 − ft ) and to the density of electrons in the conduction
band: Relectron.c ∝ Nt (1− ft )n. Thus, the net capture rate for electrons is:
Relectron.c.net = Reletron.c − Relectron.e = cnNt (1− ft )n − enNt ft (2.16)
with cn and en being proportionality constants for the electron capture and emission,
respectively. Analogously, the net capture rate for holes Rhole.c.net is derived from the
hole capture Rhole.c and emission rates Rhole.e:
Rhole.c.net = Rhole.c − Rhole.e = chNt ftp − ehNt (1− ft ) (2.17)
with ch and eh being proportionality constants for the hole capture and emission, respec-
tively.
In equilibrium, the respective capture and emission rates are equal and thus the net
rates for electrons and holes vanish. Using Eqns. 2.16 and 2.17, this yields the following













Using the electron and hole densities in equilibrium given by Eqn. 2.3 and further using
the Fermi-Dirac distribution ft = f (Et ) for the occupation probability of the defect, the
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emission coefficients can be written as follows, introducing the so-called SRH densities
n1 and p1:












In the case that the Fermi level coincidences with the energy level of the defect (i.e. Et =
EF ), the densities n1 and p1 describe the charge carrier concentrations in the conduction
band and in the valence band, respectively.
The injection of excess charge carriers will cause a disturbance of the equilibrium
situation, however, after a certain time interval, a steady-state condition will readjust.
Within this steady-state condition, the number of electrons and holes interacting with
the defect have to be equal, thus that Relectron.c.net = Rhole.c.net. Using Eqns. 2.16 and
2.17 and inserting Eqn. 2.19 yields an expression for the occupation probability ft in
dependence of the defect parameters n1, p1, cn and cp as well as of the electron and
hole concentrations n and p [40]:
ft =
enn + epp1
epp + epp1 + enn + enn1
. (2.20)
Using that Relectron.c.net = Rhole.c.net, the net recombination rate for electrons and holes is:
Relectron.c.net = Rhole.c.net =
np − n1p1
τn0(p + p1) + τp0(n + n1)
(2.21)
with τn0 = (Ntcn)−1 and τp0 = (Ntcp)−1 being the capture time constants. The proportion-
ality constants cn and cp for the electron and hole capture processes can be identified
with the product of the capture cross-sections σn (for electrons) and σp (for holes) with







σ−1p (n + n1) + σ−1n (p + p1)
. (2.22)
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Using equation 2.8, the SRH effective recombination rate can be expressed in terms of
the corresponding SRH lifetime τSRH:
τSRH =
τp0 (n0 + n1 +∆n) + τn0 (p0 + p1 +∆n)
p0 + n0 +∆n
. (2.23)
Both the energy level Et and the ratio of the capture time constants Q = τp0/τn0 = σn/σp
are characteristics for a certain defect and can be extracted from injection-dependent
measurements of the SRH lifetime.
Voronkov et al. [41] and Murphy et al. [42] suggested a different notation of the SRH
lifetime which yields an easy way of extracting the Q value from the SRH lifetime. Let X
be the ratio of minority carrier to majority carrier densities X = n/p, then the SRH lifetime



















If the SRH lifetime is plotted as a function of X , the plot becomes linear with the slope





Q − Qn1p0 −
p1
p0







with ξ = Qn1p0 +
p1
p0
. Under the assumption that the defect has an energy level close to
the middle of the band gap and for typical doping densities of p-type silicon material
(i.e. p0 > 1× 1013 cm−3), ξ becomes negligibly small. Thus, the result of equation 2.25
equals Q. Figure 2.5 shows (a) the SRH lifetime for three different single-level defects
plotted versus the excess carrier density and (b) plotted versus the carrier density ratio
n/p. For both defects with an energy level of Ec − Et = 0.56 eV, the value of Q can be
calculated according to Eqn. 2.25. However, for the third defect with an energy level of
Ec − Et = 0.2 eV, the condition ξ → 0 is not fulfilled. Note that despite ξ → 0 is not
fulfilled, the SRH lifetime is nevertheless a linear function of the carrier density.
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FIGURE 2.5: (a) SRH lifetime for three different single-level defects plotted versus the
excess carrier density. (b) SRH lifetime for the same single-level defects as shown in
(a) plotted versus the ratio of minority to majority carrier densities.
Surface recombination
Because the samples have finite dimensions, there is an impact related to the recom-
bination at the sample’s surfaces Usurface. This effect is due to surface states which lie
within the band gap and hence cause a locally increased recombination. The surface
recombination rate Usurface for surface states with a state density Dit(E) can be written








σ−1p (E)(ns + n1(E)) + σ−1n (E)(ps + p1(E))
dE (2.26)
with ns and ps being the electron and hole concentrations at the silicon surface [43]. The
surface state density Dit(E) is used, because the surface states are quasi-continuously
distributed in the band gap. The surface recombination rate Usurface describes the re-
combination per unit area of the silicon surface, thus the recombination depends on the
number of electrons and holes reaching the surface. Therefore, the surface recombina-
tion rate Usurface is usually translated into a surface recombination velocity S:
S ≡ Usurface
∆ns
, (no band bending) (2.27)
which accounts for the excess carrier concentration at the silicon surface ∆ns. If there is
a band bending present at the silicon surface, typically the excess carrier concentration at
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the edge of the space charge region∆nd is used and the effective recombination velocity





Since the high surface recombination velocity of a bare silicon surface limits the effec-
tive carrier lifetime, measurements of the bulk lifetime are difficult. Therefore, passivation
layers such as aluminium oxide and silicon nitride which lower the surface recombination
are deposited onto the silicon surfaces [44]. For sufficiently small values of the surface
recombination velocities, the effective carrier lifetime τeff is a function of the bulk carrier
















Note that this only holds true for an equal surface recombination velocity Seff on the
front and rear side of the wafer. Sproul [45] showed that Eqn. 2.29 is valid within 4 % if
SW/D < 0.25 is satisfied, with D being the diffusion coefficient of the excess carriers.
Under low injection conditions the value of D equals the diffusion coefficient of minority
carriers, however under high injection conditions D is the ambipolar diffusion coefficient
[45].
2.3.5 Effective carrier lifetime
The actually measured effective carrier lifetime τeff consists of the individual lifetimes of
the respective recombination channels. The recombination rate corresponding to the
effective carrier lifetime is the sum of the respective recombination rates:















with τb being the bulk lifetime. Figure 2.6 shows the calculated intrinsic lifetime for
1.2Ω cm p-type silicon, an assumed SRH defect (Et −EV = 0.56 eV and Q = 10) and the
resulting bulk lifetime.
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FIGURE 2.6: Intrinsic carrier lifetime, SRH carrier lifetime and the resulting effective
carrier lifetime plotted versus the excess carrier density for 1.2Ω cm p-type silicon. A
single monovalent SRH defect with Et − EV = 0.56 eV and Q = 10 is assumed.
2.3.6 Effective defect density
To study the evolution of recombination-active defects in crystalline silicon, the effective
defect density N∗ can be calculated from the measured effective carrier lifetime. Under
the assumption that all recombination channels except the recombination channel asso-
ciated with the defect under investigation are constant, the inverse of the initial carrier
lifetime τeff(0) is substracted from the inverse of the carrier lifetime τeff(t) at a time t , mea-








Thus, all contributions from constant recombination channels cancel out. Under the as-
sumption that other recombination-active defects and the surface recombination remain
constant, the effective defect density is proportional to the actual concentration of the





In this chapter, the characterization techniques applied in this thesis are presented. At
first, the integral and spatially resolved techniques for the measurement of the carrier
lifetime are introduced. After that, the applied thin film characterization techniques are
described, including measurements of film thickness, refractive index, mass and atomic
density as well as the hydrogen content of the respective films.
3.1 Carrier lifetime measurements
The measurements of the carrier lifetime throughout this thesis are based on measuring
the time dependent photoconductance of the silicon sample. The measurement tech-
niques are subdivided into integral measurements that average the carrier lifetime over
the sensor area and camera-based spatially resolved measurements.
3.1.1 Integral lifetime measurements
The silicon sample under investigation is excited by flash-light illumination and the evo-
lution of the photoconductance is measured using the eddy-current method (WCT-120,
Sinton Instruments). This method uses an oscillating circuit and the sample is placed
on top of a coil (cf. Fig. 3.1) [46]. The high-frequency magnetic field produced by the
coil induces eddy currents in the silicon sample, which in turn create a magnetic field op-
posed to the magnetic field of the coil. Since the strength of the opposed magnetic field
depends on the conductance of the sample, measuring the impedance of the coil en-
ables contactless and time-resolved determination of the sample’s conductance. During
flash light illumination, the sample’s conductivity σ changes due to the change in excess
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FIGURE 3.1: Schematic of the experimental setup of the WCT-120 from Sinton In-
struments for the integral measurement of the carrier lifetime. Schematic taken from
[46].
carrier concentration ∆n:










(∆nµn +∆pµp)dx , (3.1)
with σ0 being the sample’s conductance in the dark, ∆σ the photoconductivity, qe the
elementary charge, W the sample thickness, µn and µp the mobilities for electrons and
holes, respectively. For a homogeneous excitation, i.e. assuming that ∆n is constant
over the thickness of the silicon wafer, Eqn. 3.1 simplifies to:






Note that the carrier mobilities µn and µp themselves depend on the excess carrier den-
sities, thus extracting the excess carrier density from photoconductance measurements
requires a self-consistent solution of Eqn. 3.2. The value for the sum of both mobilities
can be obtained from a semi-empirical expression given in reference [47].
The evolution of the excess carrier concentration∆n is linked with both the generation
and recombination of carriers through the continuity equation:
∂∆n(~x , t)
∂t
= G(~x , t)− U(~x , t) + 1
qe
∇~J(~x , t), (3.3)
with ~J being the current density. Since there are no compensating currents in the case
of homogeneous generation and recombination, we assume ∇ · ~J = 0 and that the
dependence on the coordinate ~x vanishes. Using the definition of the carrier lifetime in
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This so-called generalized data analysis is valid for any time dependence of the flash
excitation and thus of the generation rate. Equation 3.4 has two limiting cases. If the
decay time constant of the flash excitation is much larger than the carrier lifetime, the
sample is under quasi-steady-state conditions (QSS) with τeff = ∆nG , where the generation
and recombination rates are equal at each point in time. However, if the decay time
constant is much shorter than the flash excitation, the photoconductance decay (PCD) is





Most of the lifetime measurements in this thesis are performed using the WCT-120
lifetime tester from Sinton Instruments which corresponds to the schematic shown in Fig.
3.1. This measurement setup is equipped with a 10.7 MHz radio frequency (rf) oscillat-
ing circuit for the eddy current measurements. The diameter of the coil is 18 mm and
thus the measured lifetime values are averaged over a circular area of approximately
250 mm2. The flash excitation can be varied between a flash with long decay time con-
stant (≈ 2.1 ms) for QSS measurements and a flash with short time constant (≈ 30 µs)
for PCD measurements. To achieve a homogeneous excitation over the sample thick-
ness, a long-pass filter with a cut-off wavelength of 700 nm is installed in front of the
flash light. The time dependence of the flash excitation is measured using a calibrated
silicon reference solar cell and converted into the generation rate by applying an optical
factor which accounts for the different optical properties between reference cell and sil-
icon sample. Furthermore, the output voltage of the rf measurement setup is recorded
and calibrated using a set of silicon wafers with known conductances. The excess carrier
density ∆n is calculated from the self-consistent solution of Eqn. 3.2 and the carrier life-
time is calculated by using the QSS, PCD or generalized data analysis approach. Within
this study, if not stated otherwise, the measured lifetime values are reported at a constant
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FIGURE 3.2: Schematic of the experimental setup for the spatially resolved measure-
ment of the carrier lifetime. Schematic taken from [49].
excess carrier density of ∆n = 1× 1015 cm−3.
3.1.2 Spatially resolved lifetime measurements
Photoconductance-calibrated photoluminescence (PL) imaging is used for spatially re-
solved measurements of the carrier lifetime [49]. The silicon sample under test is ho-
mogenously excited by an 808 nm laser, as depicted in Fig. 3.2. According to Eqn. 2.9
the radiative recombination rate is proportional to the product of the electron and the hole
concentrations. As a consequence, the PL intensity IPL measured with a charge-coupled
device (CCD) camera [49] is given by:
IPL ∝ Urad.total ≈ B∆n (∆n + NA) , (3.6)
for p-type silicon with IPL being the PL signal intensity and NA the acceptor concentration.
Thus, the PL signal shows a quadratic dependence on the excess carrier concentration
∆n in the sample. The actual excess carrier concentration ∆n is measured using the
photoconductance-based method described in subsection 3.1.1. The PL signal intensity
IPL is calibrated to the excess carrier density ∆n under steady-state conditions by using
different illumination intensities and hence different excess carrier concentrations. By



























FIGURE 3.3: Schematic of the setup used for ellipsometry measurements in this thesis.
applying this calibration procedure, as described in detail by Herlufsen et al. [49], the
spatially resolved measurement of the PL signal IPL(x , y ) is converted into a spatially re-
solved map of the excess carrier concentration ∆n(x , y ). Under steady-state conditions,
the excess carrier concentration is directly linked to the carrier lifetime τeff and the gen-
eration rate G via τeff = ∆n/G. The generation rate G is calculated from the photon flux
of the illumination Φ, which is measured using a calibrated silicon reference cell:
G = Φ (1− R808) 1W , (3.7)
with R808 being the reflectivity at a wavelength of 808 nm and W the thickness of the wafer
under test [49]. Dividing the spatially resolved excess carrier concentration ∆n(x , y ) by
the generation rate G thus yields the spatially resolved carrier lifetime τeff(x , y ).
3.2 Thin film characterization techniques
3.2.1 Ellipsometry
In this thesis, the optical properties of silicon nitride layers are characterized by spec-
trally resolved ellipsometry. Ellipsometry is an optical characterization technique which
measures the ratio of amplitudes tan (Ψ) between s- and p-polarized light as well as the
phase difference ∆ upon light reflection (or transmission) at the sample [50]. The spec-
trally resolved ellipsometry tool applied in this thesis (M-2000UI, J.A. Woollam) measures
pairs of (Ψ,∆) each 1.6 nm in the wavelength range from 250 to 970 nm and each 6.1 nm









FIGURE 3.4: Schematic of the basic working principle of FTIR measurements.
in the wavelength range from 970 to 1690 nm after light reflection at multiple angles in
the range from 60◦ to 80◦ at the sample. The schematic of the experimental setup used
in this thesis is shown in Fig. 3.3. For the evaluation of the measurement data the
WVASE32 software (J. A. Woollam) from the manufacturer of the ellipsometer is used.
Within this software a model of the sample’s structure is generated and optical properties
are taken from literature data [51]. The software then performs a fit of the measurement
data, fitting the thickness of the thin film, the wavelength-dependent refractive index n
and the wavelength-dependent extinction coefficient k .
3.2.2 Fourier Transform Infrared Spectroscopy (FTIR)
In this thesis, fourier transform infrared spectroscopy (FTIR) is used for measurements
of concentrations of different atomic bonds within the silicon nitride films. These bonds
are detected by their characteristic absorption peaks in the mid-infrared regime (2500 nm
to 25 000 nm). The schematic of the basic working principle of FTIR measurements is
shown in Fig. 3.4. FTIR measurements in this thesis are performed with a VERTEX 70
(Bruker) FTIR spectrometer. The light source is a silicon carbide globar which emits light
in the mid-wavelength infrared regime. A beam splitter divides the light beam onto two
paths: one with a stationary mirror and the other one with a moveable mirror. Both beams
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TABLE 3.1: Silicon nitride absorption peak locations and calibration constants taken
from [53], as used within this thesis.








interfere with each other after reflection at the respective mirror and the resulting beam
passes the sample. Finally, a mercury cadmium telluride (MCD) detector measures the
intensity of the resulting beam. Because of the moving mirror, the measured intensity
shows a dependence on the displacement of the mirror. The resulting interferogram is
a sum of the interferograms at each wavelength. Applying a fourier transformation and
comparing the spectrum with a reference measurement without sample in the beam al-
lows for the calculation of the sample’s transmission for each wavelength in the spectrum
of the light source.
By determining the concentration of hydrogen-containing bonds, the total hydrogen
concentration [H] within the films is calculated. The hydrogen fraction H in the silicon
nitride films is defined as [52]:
H =
[Si− H] + [N− H]
[Si− H] + [N− H] + [Si− N] =
[H]
[H] + [Si− N], (3.8)
neglecting silicon-silicon ([Si − Si]), nitrogen-nitrogen ([N − N]) as well as hydrogen-
hydrogen bonds ([H − H]). Because of these assumptions, which hold true for nearly
stochiometric films but add additional uncertainty for silicon-rich films, the results of the
FTIR measurements are compared with results from nuclear reaction analysis (NRA)
described in the next subsection. As shown in Fig. 3.5(a), it is found that the hydro-
gen concentrations measured using FTIR are well validated by the NRA measurements.
Evaluation of the absorption spectra include background correction, baseline fitting, de-
convolution of the absorption peaks and calculation of the areas under the absorption
peaks listed in Table 3.1. Figure 3.5(b) shows an exemplary FTIR measurement of a
FZ-Si sample coated with silicon nitride on both surfaces. The absorption coefficient α
28 Chapter 3. Characterization techniques
FIGURE 3.5: (a) Hydrogen fraction H measured using FTIR plotted versus the mean
hydrogen fraction in the same films measured using nuclear reaction analysis (NRA).
The results from FTIR measurements are well validated by the NRA results. The
dashed line is the bisecting line. (b) FTIR meaurement of a FZ-Si sample coated
with hydrogen-rich silicon nitride on both surfaces. The absorption peaks related to
silicon-nitrogen bonds, silicon-hydrogen bonds and to nitrogen-hydrogen bonds allow
for the calculation of the overall hydrogen concentration within the film.




≈ 2.3026− log10(T )
d
(3.9)
with d being the SiNx film thickness. Note that d is the total film thickness including the
front and the rear side coating. With the absorption coefficient α, the concentration of
the bond in question is [53]:




The absorption peak area is located between the wavenumbers νlower and νupper and
multiplied with the calibration factors shown in table 3.1. Note that the concentrations
determined via FTIR are averaged over the whole film thickness.
3.2.3 Nuclear Reaction Analysis (NRA)
In contrast to the FTIR method described in the subsection before, the Nuclear Reaction
Analysis (NRA) allows for depth-resolved hydrogen profiling. Double positively charged
nitrogen ions of the isotope 15N are irradiated onto the sample and react with protons at












FIGURE 3.6: Working principle of the NRA measurements performed in this thesis.
rest in a resonant reaction:
15N + 1H −→ 16O∗ −→ 12C + 4He + γ (3.11)
at an energy of the incident nitrogen isotopes of 6.385 MeV [54]. Each reaction is ac-
companied by the emission of a gamma-ray with an energy of Eγ = 4.432 MeV, hence,
the count rate of those gamma-rays can be directly correlated to the hydrogen content.
By adjusting the energy of the nitrogen isotopes and exploiting the fact that the isotopes
lose energy while passing through the thin film, the location of the resonant reaction
changes, enabling depth-resolved measurements. Since the resonance of the nuclear
reaction is quite narrow with 12 keV, this results in a depth resolution of ≈ 5 nm in sili-
con nitride films [54]. Assuming a constant stopping power for each silicon nitride film,
the energy offset of the incident ion beam to the resonance energy is converted into a
depth information. The count rate of the gamma-rays is calibrated to the total amount of
hydrogen using a reference material with known hydrogen content. Figure 3.6 shows the
working principle of the NRA method used in this thesis. The experiments are performed
at the Helmholtz-Zentrum Dresden-Rossendorf using a 6 MeV tandem accelerator. The
experimental setup allows measurements with a limit of detection of 0.02 atom percent
hydrogen.
3.2.4 Rutherford Backscattering Spectroscopy (RBS)
Rutherford Backscattering Spectroscopy (RBS) is used for the determination of the com-
position of the silicon nitride films (silicon-to-nitrogen ratio) and the areal atomic density
σatom. We use 4He+ ions with an incident energy of 1.7 MeV at a scattering angle of








FIGURE 3.7: (a) Working principle of the RBS measurements performed in this thesis.
(b) RBS measurement result for a FZ-Si sample coated with silicon nitride. The mea-
surements are evaluated by fitting simulated data (green solid line) to the measured
data (black circles).
θ = 170◦. The helium ions scatter at the atoms within the thin film, whereby a part of
their kinetic energy is transferred onto the scatter partner. A schematic of the measure-
ment principle is shown in Fig. 3.7(a). Since the energy loss depends on the mass
of the scatter partner, energy-resolved detection of the scattered helium ions enables
the identification of atoms present in the thin film. Thus, the measurement results are
energy-resolved counts of helium ions leaving the thin film after scatterring, as shown in
Fig. 3.7(b). For the evaluation of the results, the SimNRA software is used [55].
Evaluation of the data includes fitting the measured data points. The fit variables are
the thin film composition (i.e. fractions of the involved elements) and the areal atomic
density σ (i.e. the count of atoms per area). By combining RBS measurements with
another independent method, such as ellipsometry for the determination of the film thick-
ness, the mass density of the film ρ can be determined:
ρ = (mSi · cSi + mN · cN + mH · cH) σd , (3.12)
with m being the mass per atom of the respective element, c the fraction of the respective
element in the film and d the film thickness. Note that hydrogen cannot be detected in
the RBS measurements, since it is lighter than the used projectile. This error is corrected
within the evaluation of the RBS data, because the hydrogen concentration within the
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respective film is known from NRA measurements.
The RBS experiments were performed at the Helmholtz-Zentrum Dresden-Rossendorf






Solar cells fabricated on multicrystalline silicon show a pronounced degradation upon
illumination at elevated temperature (& 50 ◦C), as first reported by Ramspeck et al. [6].
Ramspeck et al. [6] were not able to explain this effect by known degradation mecha-
nisms such as the boron-oxygen defect activation [7–9] or the iron-boron pair dissocia-
tion [10, 11] and, hence, attributed the effect to a new degradation mechanism. Since the
degradation is particularly pronounced in mc-Si solar cells with an Al2O3/SiNx -passivated
rear surface, this degradation mechanism strongly interferes with the introduction of mc-
Si passivated emitter and rear solar cells (PERC) into the market [6, 12, 13].
In this chapter, the light-induced degradation at elevated temperature (LeTID) is in-
vestigated on mc-Si lifetime samples. To elucidate the underlying defect physics, the
impact of various sample treatments on the carrier lifetime degradation and regeneration
cycles is examined.
4.1 Sample processing
The as-cut silicon wafers are first cleaned with a surface-active agent and subsequently
etched in a potassium hydroxide solution followed by a chemical polishing process based
on hydrofluoric and nitric acids to remove the saw damage. After an RCA cleaning se-
quence, a phosphorus diffusion is then performed in a quartz-tube furnace at a process
temperature of ≈ 850 ◦C resulting in n+-layers on both wafer surfaces with a sheet re-
sistance between 50 and 60Ω/sq (except the samples without phosphorus diffusion in
34 Chapter 4. Light-induced lifetime instabilities in multicrystalline silicon
subsection 4.4). This process step is known to effectively getter metallic impurities from
the silicon bulk into the n+-layers [56]. The phosphosilicate glass is etched back using
hydrofluoric acid and the n+-layers are removed (except for the group A samples in sub-
section 4.2) using the same chemical polishing process as used for the saw damage
removal. After an RCA cleaning sequence, the samples are coated with 10 nm alu-
minium oxide (Al2O3) single layers (samples in subsection 4.7), 100 nm silicon nitride
(SiNx ) single layers (samples from group A in 4.2) or with a stack passivation consist-
ing of 10 nm Al2O3 and 100 nm SiNx (samples in subsections 4.3, 4.4, 4.5, 4.6 and 4.7)
[5]. The Al2O3 layers are deposited using plasma-assisted atomic layer deposition (PA-
ALD) in a FlexAL system (Oxford Instruments) and the SiNx layers are deposited using
plasma-enhanced chemical vapor deposition (PECVD) in a SiNA tool (Meyer Burger).
However, for the samples examined in group B in subsection 4.2, we use a stack passi-
vation of 5 nm Al2O3 deposited by thermal ALD in an InPassion LAB system (SolayTec)
and 100 nm SiNx deposited by the SiNA tool. For the results presented in this chapter,
the refractive index of the SiNx layers, measured at a wavelength of 633 nm, is tuned
to n = 2.05. Both deposition techniques will be described in more detail within the next
sections. Finally, the samples receive a rapid thermal annealing (RTA) treatment in an
industrial conveyor-belt furnace (DO-FF-8.600-300, centrotherm international AG). This
high-temperature treatment corresponds to the contact firing, which is the last process
step during the production of solar cells with screen-printed contacts. Throughout this
study, a constant belt-speed of 6.8 m/min is applied at a set-peak temperature varying
between 650 and 900 ◦C.
ALD of Al2O3
Within this thesis, PA-ALD and thermal ALD are used for the deposition of Al2O3 layers.
Atomic layer deposition is a highly conformal deposition technique and allows precise
control of the film thickness.
In the PA-ALD process, the precursor for the aluminium is tri-methyl-aluminium (TMA),
which is injected into the process chamber and binds to hydroxyl (OH) groups at the sili-
con wafer surface. In a second step, the aluminium is oxidized by an inductively coupled
remote oxygen plasma. In order to remove the remaining precursor and any byproducts,
the chamber is purged with oxygen after each cycle. This prepares the next deposition










FIGURE 4.1: Schematic of the Oxford Plasmalab 80 Plus remote-PECVD tool used for
SiNx deposition in this thesis.
cycle which deposits another monolayer of aluminium oxide. To facilitate the reactions
during the depositon, the wafers are placed on a heated stage with typical temperatures
around 200 ◦C. We use the commercially available FlexAL system (Oxford Instruments)
for PA-ALD deposited layers.
In contrast to the PA-ALD process, the thermal ALD process uses gaseous water
instead of an oxygen plasma for the oxidation of the aluminium. We use the commercially
available InPassion LAB (SolayTec) tool for the layers deposited by thermal ALD.
PECVD of SiNx
Within this thesis, we use two different plasma-enhanced chemical vapor deposition
(PECVD) tools for the deposition of SiNx layers. The first one is an industrial-type inline
tool (SiNA, Meyer Burger) and the second one is a labscale tool (Oxford Plasmalab 80
Plus, Oxford Instruments). Both tools use ammonia (NH3) and silane (SiH4) as process
gases, although the Plasmalab 80 Plus uses a mixture of ammonia and nitrogen (N2)
and the SiNA uses additional hydrogen (H2) as process gas. Both tools excite the NH3
by microwave radiation with a frequency of 2.45 GHz. In contrast to the direct-PECVD
method, where the silicon wafer is in direct contact with the plasma, both deposition sys-
tems applied here use a remote plasma (remote-PECVD), where the plasma is spatially
separated from the wafer. The advantage of the remote-PECVD method in comparison
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to the direct-PECVD method is the reduced ion bombardment of the wafer, which leads
to a decrease in surface damage [43]. The excited NH3 reacts with the separately in-
jected SiH4 in the chamber and forms a SiNx film on the silicon surface. By changing the
ratio between the SiH4 gas flow and the NH3 gas flow, SiNx films with different silicon-
to-nitrogen ratios are obtained. The silicon-to-nitrogen ratio has a pronounced impact
on the SiNx film properties such as refractive index and atomic density. To facilitate the
formation of the SiNx film on the wafer surface, the wafer is placed on a heating element
with typical temperatures between 300 and 500 ◦C. The thickness of the SiNx film is ad-
justed via the process time. The resulting SiNx films are typically rich in hydrogen, since
the hydrogen from the process gases is partly incorporated into the films. A schematic
of the Oxford Plasmalab 80 Plus used in this thesis is shown in Fig. 4.1.
In contrast to the Oxford lab-type tool, the industrial-type SiNA deposition tool fea-
tures a moving sample carrier, which transports the silicon wafers through five process
chambers. The first process chamber is the entry loadlock, where the wafers are pre-
heated at a temperature of 350 ◦C. Pre-heating is continued in the second chamber.
Subsequently, the deposition of the SiNx films takes place in the third chamber at a set-
temperature of typically 500 ◦C. In the fourth chamber, the samples cool down. Finally,
the last chamber is the exit loadlock. The thickness of the film is adjusted via the speed
of the sample carrier. Details of the SiNA system have been published by Moschner et
al. [57].
4.2 Lifetime degradation and regeneration
Within this thesis, we investigate the different stages of the carrier lifetime evolution in mc-
Si lifetime samples under illumination at elevated temperatures. The samples are divided
into two groups, with one group not having the n+-layers etched back after phosphorus
diffusion (group A). Samples from group A receive a passivation with SiNx single layers,
while the samples without n+-layers (group B) receive an Al2O3/SiNx stack passivation.
Samples from group A represent the front side of a PERC solar cell, whereas the samples
from group B represent the rear side of such a solar cell. The sample architecture for
both groups is shown in the insets in Fig. 4.2. All silicon nitride layers are deposited
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FIGURE 4.2: Effective carrier lifetime of mc-Si lifetime samples from (a) group A and
(b) group B plotted versus the exposure time to an illumination of 1 sun at 75 ◦C. The
solid lines are guides to the eyes.
using the industrial-type PECVD tool (SiNA) resulting in layers with a refractive index of
n = 2.05 and a thickness of d = 100 nm.
The carrier lifetimes of samples both with and without n+-layers show a pronounced
degradation after rapid thermal annealing (RTA) at a set-peak temperature of 900 ◦C,
as can be seen in the lifetime measurements in Figs. 4.2(a) and 4.2(b). The observed
degradation can be subdivided into two stages. The first stage is finalised within the first
2 hours and is characterized by a fast and pronounced reduction in lifetime. This stage is
followed by a slower exponential degradation, terminating within ≈ 100 h. The presence
of two stages of degradation was also observed on mc-Si solar cells in the study of
Ramspeck et al., where the published degradation data cannot be fitted with a single-
exponential decay, but require a fast initial plus a slow degradation component. The
detailed kinetics of the degradation is discussed in section 4.5. Figures 4.2(a) and 4.2(b)
show that after complete degradation the lifetimes increase again (regeneration) and
finally reach values even higher than the respective initial lifetime. Note that this study
cannot exclude that the initial lifetime measurement has been performed in a slightly
degraded state. If this has been the case, e.g. due to a degradation during the cool-
down of the RTA treatment, the regeneration would not reach necessarily higher lifetimes
than the initial ones, but just comprarable lifetimes to the initial state.
As a reference, monocrystalline Czochralski-grown silicon (Cz-Si) wafers are pro-
cessed in parallel to the mc-Si wafers. On the boron-doped Cz-Si wafers with a resistivity
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of 4.5Ω cm, the well-known degradation and regeneration processes associated with the
boron-oxygen complex are observed, which are, however, very different concerning the
time constants compared to our observations on mc-Si. The lowest effective carrier life-
time measured on the Cz-Si reference wafers was 124 µs for group A and 671 µs for group
B, thus well above the highest lifetimes of the corresponding mc-Si samples. Hence, this
study shows for the first time that a degradation of the surface passivation quality of the
samples cannot be considered as the main cause of the observed behaviour and that
the lifetime evolution is due to a recombination center in the silicon bulk. Nakayashiki et
al. confirmed more recently that the evolution of the carrier lifetime is indeed caused by
a bulk defect [58]. They etched back the passivation layers of mc-Si PERC semifabri-
cates after complete degradation and repassivated the samples by submerging them in
hydrofluoric acid. Because the passivation layers have been replaced, their results show
that the degradation effect on their samples is not due to a loss in surface passivation
quality.
4.3 Impact of rapid thermal annealing
Within this thesis, we show for the first time that samples RTA-treated with a reduced
peak temperature of 650 ◦C remain stable in group A and show a very weak degradation
from an initial lifetime of 472 µs to a lifetime of 375 µs in the case of group B, as can
be seen in Fig. 4.2. The temperature range between 650 ◦C and 900 ◦C is chosen to
cover the range of relevant temperatures in a typical solar cell fabrication process and
to clearly separate the impact of different peak temperatures on the degradation and
regeneration extents. On another set of lifetime samples, we investigate the dependence
of the maximum defect density on the measured RTA peak temperature in more detail, as
shown in Fig. 4.3. The mc-Si samples with a base resistivity of 1.4Ω cm are passivated
with an Al2O3/SiNx stack of 10 nm Al2O3 and 100 nm SiNx with a refractive index of n =
2.05. All samples were pre-gettered and the set-peak temperature during RTA treatment
is varied in the range from 650 to 900 ◦C in steps of 50 ◦C. After the firing step, the
samples are exposed to the light of a halogen lamp at 0.5 suns illumination intensity
and 120 ◦C, until the maximum defect density is reached. In Fig. 4.3, the maximum
defect density N∗max is plotted versus the actual measured peak temperature ϑfiring.actual
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FIGURE 4.3: Maximum defect density N∗max of neighboring 1.4Ω cm mc-Si wafers with
Al2O3/SiNx stack passivation degraded at 0.5 suns illumination and 120 ◦C plotted ver-
sus the measured peak temperature ϑfiring.actual during the RTA treatment. The top axis
displays the corresponding set-peak temperature. The solid line is an exponential fit to
the data points.
FIGURE 4.4: Measured temperature profiles during RTA treatment for the mc-Si lifetime
samples investigated in Fig. 4.3 plotted versus the measurement time. The measure-
ments are shifted that the temperature peaks are located at the same time. The actual
sample temperature is tracked using a temperature tracker (DQ1860A, Datapaq) and
a type-K thermocouple (KMQXL-IM050-300, Omega).
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FIGURE 4.5: (a) Effective carrier lifetime of neighboring 1.4Ω cm high-performance
mc-Si wafers plotted versus the exposure time at 0.5 suns illumination and 120 ◦C. One
mc-Si sample received a phosphorus diffusion and subsequent removal of the diffused
region (black circles), while the other sample received no phosphorus diffusion (blue
diamonds). Both wafer surfaces are passivated by Al2O3/SiNx -stacks and are fired
at 900 ◦C. (b) Effective defect density calculated from the data shown in (a) plotted
versus the exposure time. The degradation extent on the samples without phosphorus
diffusion is four times more pronounced than on samples that received a phosphorus
diffusion.
during the firing step. We observe that the maximum defect density N∗max drastically
increases with increasing RTA temperature. Chan et al. published a study showing
a similar dependence of the maximum defect density on the peak temperature during
RTA treatment [59]. Figure 4.4 shows the temperature profiles during RTA treatment
exemplarily for three different set-peak temperatures of 650, 800 and 900 ◦C. Note that
with increasing set-peak temperature not only the measured peak temperature increases,
but also the heating and cooling rates. This might as well impact the maximum defect
density, since Eberle et al. reported that either the ramp-up and ramp-down rates or a
longer time above a certain threshold temperature have a significant influence on the
degradation in mc-Si lifetime samples [60].
4.4 Impact of phosphorus gettering
Figure 4.5(a) shows the lifetime evolution of two neighbouring high-performance mc-Si
samples with Al2O3/SiNx stack passivation after RTA treatment at 900 ◦C. Prior to sur-
face passivation, one sample received a phosphorus diffusion step, known to effectively
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getter metallic impurities from the silicon bulk [56]. The n+-diffused regions were re-
moved by etching prior to surface passivation. Both samples show a pronounced degra-
dation in their lifetime, however, the degradation is about four times more pronounced
in terms of the maximum defect density for the non-diffused sample. This result is in
good agreement with published results from Zuschlag et al., who reported that phospho-
rus gettering significantly decreases the degradation extent [61]. Since the lifetime on
the non-diffused sample in the fully degraded state is only 5.5 µs and the excess carrier
concentration at constant illumination intensity is proportional to the carrier lifetime, this
results in a relatively low excess carrier concentration. As will be discussed in section
4.5, the degradation rate depends on the excess carrier density. Thus, the degradation
rate of the non-diffused sample (blue diamonds in Fig. 4.5) is expected to be smaller than
in the diffused sample. The non-diffused sample reaches the maximum degradation after
≈ 46 h in contrast to the diffused sample that reaches the maximum degradation after
about 20 h. In addition, the slow regeneration observed on the non-diffused sample can
be attributed to a correlation of the regeneration rate with the excess carrier concentra-
tion. Note that the carrier lifetime of a FZ-Si reference sample shows a lifetime evolution
similar to that described by Sperber et al. [62]. However, the carrier lifetime in the FZ-
Si reference sample remains above 1 ms throughout the entire observed time period.
Hence, there is no relevant impact of a change in the surface passivation quality on the
measured lifetimes in the examined mc-Si samples.
4.5 Impact of illumination intensity and temperature
4.5.1 Temperature dependence of degradation kinetics
For the first time, we investigate the detailed kinetics of the carrier lifetime degradation
in mc-Si lifetime samples. Figures 4.6(a) and 4.6(b) show measurements at a constant
illumination intensity of 0.5 suns at temperatures ranging from 75 to 120 ◦C. For all tem-
peratures, a two-stage lifetime degradation is observed: a fast stage and a subsequent
slow stage. Thus, it is not possible to fit the effective defect density N∗(t) evolution with a
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FIGURE 4.6: (a) Measured effective defect density N∗ calculated from lifetime mea-
surements versus the exposure time t in hours with double-exponential rise-to-
maximum fits (solid lines). Degradation conditions are 0.5 suns light intensity and
temperatures ranging from 75 to 120 ◦C. (b) Degradation rate constants Rdeg of the
fast and slow stages of degradation plotted versus the inverse absolute temperature
1/T with fits according to the Arrhenius law.
mono-exponential rise-to-maximum fit. However, using a sum of two exponential rise-to-










with a and b being pre-factors determining the maximum defect concentration. We extract
the fast and slow degradation rates from this double-exponential fit. Figure 4.6(b) shows
an Arrhenius plot of the respective degradation rate constants Rdeg.fast and Rdeg.slow ac-
cording to Eqn. 4.1 with the temperature-independent pre-factor κ0, the activation energy
EA, the Boltzmann constant kB and the absolute temperature T :






From the Arrhenius fit, we obtain an activation energy of EA.fast = (0.89± 0.04) eV for the
fast stage and EA.slow = (0.94± 0.06) eV for the slow stage. Note that the difference in
the two activation energies is within the respective measurement uncertainties. Hence,
both activation energies are very similar or even identical. The pre-exponential factors
κ0 determined at 0.5 suns illumination intensity differ, however, significantly by one order
of magnitude: κ0.fast = 8.26× 109 s−1 for the fast stage and κ0.slow = 9.37× 108 s−1
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FIGURE 4.7: (a) Evolution of the carrier lifetime τeff under illumination at 0.5 suns light
intensity and a temperature of 143 ◦C. The lifetime drops from initially 290 µs to 60 µs
within 20 min. (b) Degradation rate constants Rdeg.fast and Rdeg.slow at 143 ◦C of the fast
and slow degradation components versus the illumination intensity Iill in suns (black
circles and green squares) with linear fits (solid lines).
for the slow stage of degradation. As can be seen in Fig. 4.7(a), the relatively large
activation energy of the slow degradation leads to a full degradation at 143 ◦C within
20 min on the examined sample. The lifetime drops from initially 290 µs to 66 µs after
20 min. Upon further illumination at elevated temperature the lifetime regeneration sets
in. Based on the activation energy of the slow degradation, this degradation would take
56 h at a reduced temperature of 75 ◦C until the minimum lifetime is reached.
4.5.2 Illumination intensity dependence of degradation kinetics
The experiments to determine the impact of the applied illumination intensity on the
degradation kinetics are carried out at a constant sample temperature of 143 ◦C. The
illumination intensity is varied from 0.25 to 1.5 suns. As can be seen in Fig. 4.7(b), the
degradation rate constants Rdeg.fast and Rdeg.slow show a linear increase with the applied
illumination intensity Iill at constant temperature. With aslow = (29.4± 4.9) suns−1h−1,
afast = (271.9± 99.3) suns−1h−1, bslow = (2.6± 4.7) h−1 and bfast = (99.3± 33.3) h−1,
the illumination dependence can be expressed as follows:
Rdeg.fast = afast · Iill + bfast, (4.3)
Rdeg.slow = aslow · Iill + bslow. (4.4)
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FIGURE 4.8: Carrier lifetime images measured by PC-PLI of an mc-Si lifetime sample
at different timesteps during illumination at 1 sun light intensity and 75 ◦C. (a) Initial
state, (b) after 48 hours of illumination, (c) after 448 hours, (d) after 616 hours. The
carrier lifetime regeneration clearly proceeds from the left to the right of the wafer,
corresponding to a wedge profile of the wafer thickness with the left side of the wafer
being 21 µm thinner than the right.
Note that bfast  0, which would indicate that there is a fast degradation stage even
without illumination. However, the lowest illumination intensity applied in this thesis is
0.25 suns. It can be conjectured that the dependence of the fast degradation rate on the
illumination intensity changes for very low intensities.
Kwapil et al. observed that the degradation rate of mc-Si PERC solar cells depends
almost linearly on the excess carrier density at the p-n junction [63]. They applied dif-
ferent forward bias voltages to the solar cells in the dark at a temperature of 75 ◦C and
measured the current through the solar cell. Since this current is proportional to the
change in the effective defect density, they extracted the degradation rate from the evo-
lution of the current. The results from Kwapil et al. fit well with the findings of this thesis
that the degradation rates depend linearly on the applied illumination intensity.
4.6 Impact of wafer thickness
For the first time, we show that there is a pronounced dependence of the carrier lifetime
evolution on the wafer thickness. In this thesis, a series of lifetime degradation and regen-
eration measurements on mc-Si lifetime samples of various thicknesses are performed.
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FIGURE 4.9: (a) Evolution of the effective defect concentration N∗(t) extracted from
lifetimes measured using the QSSPC technique on 0.8Ω cm p-type mc-Si wafers of
various thicknesses during 1 sun illumination intensity at 75 ◦C. The solid lines are
guides to the eyes. (b) Maximum defect concentration N∗max extracted from (a) (black
circles) plotted versus the sample thickness d . The solid line is a linear fit to the
measured data. The fit indicates that no pronounced degradation is expected for mc-Si
wafers thinner than ≈ 120 µm for the degradation conditions applied within this thesis.
In addition, measurements taken on high-performance mc-Si wafers (green squares)
are shown, which experimentally confirm the negligible degradation extent for wafer
thicknesses below ≈ 120 µm.
Figure 4.8 shows spatially resolved carrier lifetime measurements at different times dur-
ing the degradation and regeneration cycle. The excitation level is chosen to result in
an area-averaged excess carrier concentration of 1× 1014 cm−3. Both the fast and slow
degradation stages occur relatively homogeneously over the wafer area. However, the
lifetime regeneration starts locally and then proceeds from left to right over the wafer.
This observation can be explained by a thickness dependence of the carrier lifetime re-
generation, since the wafer features a wedge profile with the left side being 21 µm thinner
than the right side. Note that the edge regions show a reduced lifetime even in the initial
lifetime images due to impurities diffusing from the crucible into the bulk material during
the crystallization process (’red zone’) [17].
In a second experiment, we investigate the thickness dependence in more detail with
wafer thicknesses ranging between 128 and 159 µm. The mc-Si samples with a base
resistivity of 0.8Ω cm receive an RTA treatment at a constant set-peak temperature of
900 ◦C. The actual sample temperature is tracked using a temperature tracker and a
type-K thermocouple within the furnace on equally processed wafers. The measured
peak temperature slightly increases with decreasing wafer thickness, however, within the
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thickness range examined in this thesis, the maximum temperature increase is less than
10 ◦C. Therefore, the impact of the RTA peak temperature shown in section 4.3 on the
carrier lifetime evolution does not significantly affect the results shown in this section.
Figure 4.9(a) shows the time evolution of the effective defect density N∗(t) of the
species responsible for the degradation effect in the mc-Si wafers on samples with dif-
ferent thicknesses ranging from 128 to 159 µm at 1 sun illumination intensity kept at
75 ◦C. The effective defect density of the 159 µm thick mc-Si wafer significantly increases
within the first 80 h of illumination and decreases under prolonged illumination until after
≈ 600 h the sample has been completely regenerated, that is N∗(t) ≈ 0. As can be seen
from Fig. 4.9(a), the sample thickness has a pronounced impact on the lifetime evolu-
tion. The maximum defect density N∗max decreases by a factor of ≈ 6 when decreasing
the wafer thickness from 159 to 128 µm. Figure 4.9(b) shows a plot of the N∗max data
extracted from Fig. 4.9(a), as a function of the sample thickness W (black circles). In the
examined thickness range, the N∗max(W ) dependence is perfectly linear. Based on the lin-
ear fit shown as a solid line in Fig. 4.9(b), one implication of this thesis is that one would
not expect a pronounced lifetime degradation for mc-Si wafers thinner than ≈ 120 µm
under the given degradation conditions. We confirmed this hypothesis experimentally on
1.7Ω cm high-performance mc-Si wafers shown as green squares in Fig. 4.9(b), which
are etched back to a thickness down to 100 µm. Note that the overall degradation extent
in the high-performance mc-Si material seems to be lower than in the conventional mc-Si
material, which is probably due to the lower metal contamination in the high-performance
state-of-the-art material. The negligible degradation extent, however, for very thin mc-Si
wafers can be clearly verified in this experiment.
4.7 Impact of surface passivation schemes
Figure 4.10(a) shows the lifetime evolution of one mc-Si sample passivated with an
Al2O3/SiNx stack and one mc-Si sample passivated with Al2O3 single layers. Both sam-
ples, featuring a base resistivity of 1.4Ω cm, received a phosphorus diffusion step. On
the sample with the Al2O3/SiNx stack passivation, a pronounced degradation and sub-
sequent regeneration of the carrier lifetime under illumination at an intensity of 0.5 suns
and an elevated temperature of 120 ◦C is observed. The lifetime decreases from initially
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FIGURE 4.10: (a) Effective carrier lifetimes of neighboring 1.4Ω cm mc-Si wafers plot-
ted versus the exposure time at 0.5 suns illumination and 120 ◦C. One wafer is sym-
metrically passivated with an Al2O3/SiNx -stack (black circles) and the other wafer is
symmetrically passivated with Al2O3 single layers (green squares). (b) Effective defect
density calculated from the lifetime values shown in (a) plotted versus the exposure
time. The degradation on wafers passivated with Al2O3/SiNx -stacks is 20 times more
pronounced than on samples passivated with Al2O3 single layers.
481 µs to 25 µs within 20 h. In contrast to that, the sample passivated with Al2O3 single
layers only shows a slight degradation from initially 414 µs to a minimum of 244 µs after
10 h of illumination and a subsequent regeneration to a saturation lifetime value of 291 µs
after 589 h. The corresponding effective defect densities are plotted in Fig. 4.10(b). The
degradation extent on samples with Al2O3/SiNx stack is about 20 times more pronounced
than on identically processed neighboring mc-Si wafers passivated with Al2O3 single lay-
ers. These results point towards the involvement of hydrogen in the carrier lifetime limiting
defect in mc-Si, since hydrogen is known to diffuse from hydrogen-rich passivation layers
into the silicon upon RTA treatment [64]. Since silicon nitride films typically contain more
hydrogen than aluminium oxide films, this would be consistent with the results shown
above that silicon wafers passivated with Al2O3 single layers do not show a pronounced
degradation of the carrier lifetime.
Kersten et al. also reported that mc-Si lifetime samples passivated with Al2O3 single
layers show a less pronounced carrier lifetime degradation than the samples passivated
with SiNx single layers or with Al2O3/SiNx stacks. However, their samples with Al2O3
single layer passivation still show a carrier lifetime decrease from initially about 70 µs to
20 µs. This might be due to different deposition tools and that the actual film properties
depend on the deposition conditions of the respective film. Furthermore, Kersten et al.
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found that mc-Si lifetime samples with the passivation layers absent during RTA treatment
do not show a pronounced carrier lifetime degradation [65]. The involvement of hydrogen
would explain the lack of a pronounced carrier lifetime degradation if the samples are
RTA treated without a passivation layer (i.e. without any hydrogen source) on the sample
surface.
Therefore, we investigate the impact of hydrogen in the passivation layers and in the
silicon bulk on LeTID in detail in the next chapter.
4.8 Chapter summary
Within this chapter, we performed a series of experiments on mc-Si lifetime samples to
elucidate the effect of light and elevated temperature induced degradation (LeTID). We
showed that mc-Si lifetime samples both with and without n+-layers show a pronounced
carrier lifetime degradation under illumination and elevated temperature (1 sun, 75 ◦C) for
samples which received an RTA treatment at a set-peak temperature of 900 ◦C. Reducing
the RTA peak temperature led to a strong decrease of the degradation extent. At a set-
peak temperature of 650 ◦C only a weak lifetime degradation was observed. In addition,
a phosphorus gettering step significantly decreased the degradation extent compared
to samples that received no phosphorus diffusion. A comparison with Cz-Si samples
processed in parallel showed that a degradation of the surface passivation quality cannot
be considered the root cause of the observed behaviour and that the lifetime evolution is
due to the activation of a recombination center in the silicon bulk.
For the first time, we investigated the detailed kinetics of the defect activation in de-
pendence of both temperature and illumination intensity. We showed that the lifetime
degradation takes place in two stages: a fast stage followed by a slow stage. From
an Arrhenius fit of the degradation rates in a temperature range from 75 to 120 ◦C,
we extracted an activation energy of EA.fast = (0.89± 0.04) eV for the fast stage and
of EA.slow = (0.94± 0.06) eV for the slow stage. Keeping the temperature constant at
143 ◦C and varying the illumination intensity between 0.25 and 1.5 suns led to a linear
dependence of both degradation rates on the illumination intensity.
Furthermore, we showed for the first time that mc-Si lifetime samples with sample
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thicknesses between 128 and 159 µm show a pronounced dependence of the carrier life-
time degradation and regeneration on the sample thickness. The regeneration proceeds
faster and the degradation extent decreases the thinner the wafer is. We showed that
samples thinner than ≈ 120 µm show a negligible degradation.
Finally, we demonstrated that the degradation extent depends on the surface pas-
sivation scheme. Multicrystalline silicon lifetime samples passivated with Al2O3 single
layers only showed a negligible carrier lifetime instability. However, adding a SiNx film
on top of the Al2O3 layer, led to significant LeTID. This points towards the involvement
of hydrogen, because SiNx films are known to be hydrogen-rich and release part of their




Correlation of LeTID in
multicrystalline silicon with
in-diffused hydrogen
5.1 In-diffusion of hydrogen into silicon
Many beneficial effects in silicon photovoltaics are associated with hydrogen being present
in the silicon bulk. The so-called ’hydrogenation’ of the silicon bulk may passivate lifetime-
limiting bulk defects [66, 67]. In addition, hydrogen can also passivate interface defects,
improving the effectiveness of surface passivation layers on silicon [68, 69]. This ’hydro-
genation’ is typically performed by depositing a hydrogen-rich SiNx film on the surface of
a silicon wafer. Upon RTA treatment, hydrogen is released from the SiNx film mainly into
the environment, but partly into the hydrogen bulk [70]. As shown in section 4.7, there
is a pronounced impact of the passivation scheme on the degradation and regeneration
cycles in mc-Si. Only the sample involving a hydrogen-rich SiNx film in the passivation
scheme shows the pronounced lifetime evolution.
Within this chapter, we deposit silicon nitride films with different compositions and film
properties on mc-Si wafers and the respective film properties are correlated to the extent
of the defect activation after RTA treatment. Furthermore, we deposit the same broad
variation of SiNx films on parallel processed FZ-Si samples and the film properties are
linked to the fraction of hydrogen introduced into the silicon bulk during RTA. We deduce
the bulk hydrogen concentration in the FZ-Si wafers after RTA from measurements of
resistivity changes of the silicon bulk due to the formation of boron-hydrogen pairs.
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TABLE 5.1: Process parameters applied for the deposition of SiNx films in this study.
The films are deposited using the Oxford Plasmalab 80 Plus remote-PECVD tool. The
film thickness is adjusted by changing the process time.
Process parameter Set Value
Silane gas flow 1.5 to 21 sccm
Ammonia gas flow 200 sccm
Nitrogen gas flow 100 sccm
Chamber pressure 150 mTorr
Deposition temperature 400 ◦C
Microwave excitation power 150 W
Microwave excitation frequency 2.45 GHz
This experiment is performed on mc-Si and FZ-Si wafers with a base resistivity of
1.2Ω cm. The SiNx films are deposited using remote-PECVD in an Oxford Plasmalab
80 Plus tool with the process parameters listed in Table 5.1. All samples receive an RTA
treatment at a set-peak temperature of 900 ◦C, resulting in measured peak temperatures
of θpeak = (767± 8) ◦C for the mc-Si samples and θpeak = (743± 10) ◦C for the FZ-Si
samples. In both cases the measured peak temperatures show no major dependence on
the composition of the respective silicon nitride film. As the final process step, the wafers
are cut into 45 mm× 45 mm samples. The final thickness is (150± 5) µm for the mc-Si
samples and (162± 3) µm for the FZ-Si samples.
5.2 SiNx material properties
With increasing silane gas flow during the SiNx deposition, the silicon content in the re-
sulting SiNx film increases and thus also the refractive index n measured by ellipsometry
at a wavelength of 633 nm. Applying the minimum silane gas flow in this study of 1.5 sccm
results in a nearly stoichiometric silicon nitride film with a refractive index of n = 1.93. In
contrast to that, the maximum gas flow in this study of 21 sccm results in a very silicon-
rich film with a refractive index of n = 3. As shown in Fig. 5.1(a), the dependence of
the silicon-to-nitrogen ratio Si/N on the refractive index n can be described by our newly
introduced empirical quadratic relationship:
Si/N = 0.69 · n2 − 1.75 · n + 1.62, (5.1)
5.2. SiNx material properties 53
FIGURE 5.1: (a) Silicon-to-nitrogen ratio plotted versus the refractive index n of SiNx
films. The refractive index is well known to increase with increasing silicon content of
the films. The dashed line is a quadratic fit including all data points (see Eqn. 5.1).
The green dashed-dotted line is a linear fit from Dauwe [71]. The black data points
(circles) are taken from Lenkeit [72] and the green data points (squares) are taken
from Lauinger [73]. The blue data points are measured in this work. All measurements
are carried out on remote-PECVD deposited films at a set-temperature of 400 ◦C. (b)
Measured atomic density ρatom of the SiNx films plotted versus the refractive index
n measured at a wavelength of 633 nm (lower axis) and the silicon-to-nitrogen ratio
(upper axis). The dashed line is a guide to the eyes.
with Si/N being the silicon-to-nitrogen ratio. Dauwe reported the empirical relationship
Si/N = 1.35 · n − 1.82 (green dashed-dotted line), however, with most of the data points
in the range of n < 2.4 [71]. Within this thesis, we show for the first time, that a linear
empirical relationship between the silicon-to-nitrogen ratio and the refractive index cannot
be used for silicon-rich SiNx films, i.e. for SiNx films with a high refractive index (n > 2.4).
Therefore, our new quadratic relation given by Eqn. 5.1 as dashed blue line and shown
in Fig. 5.1(a) is used throughout this thesis.
Figure 5.1(b) shows that the atomic density ρatom of the SiNx films depends on the
silicon-to-nitrogen ratio of the film and thus also on the refractive index. Nearly stoichio-
metric SiNx films with a refractive index close to n = 1.9 show the highest atomic density.
With increasing silicon content and thus refractive index, the atomic density decreases.
This is due to the silicon atoms: Despite having a higher mass than the nitrogen atoms,
they feature a larger covalent radius of 1.17 Å compared to 0.7 Å for the nitrogen atoms
[74].
As shown in Fig. 5.2(a), the concentration of silicon-hydrogen bonds [Si-H] increases
with increasing refractive index n of the SiNx film and thus with increasing silicon content.
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FIGURE 5.2: (a) Concentration of silicon-hydrogen (Si-H) bonds and of nitrogen-
hydrogen (N-H) bonds plotted versus the refractive index n measured at a wavelength
of 633 nm. The Si-H bond concentration increases with increasing refractive index and
thus increasing silicon content. The N-H bond concentration increases with decreasing
refractive index and thus increasing nitrogen content. The dashed lines are guides to
the eyes. (b) Hydrogen fraction in the SiNx films after deposition plotted versus the
refractive index n measured at a wavelength of 633 nm. The hydrogen fraction shows
a minimum at n ≈ 2 and increases with increasing and decreasing n. The dashed line
is a guide to the eyes.
In contrast to that, the concentration of nitrogen-hydrogen bonds [N-H] decreases with
increasing silicon content, but strongly increases for a refractive index of n . 2. Figure
5.2(b) shows that the hydrogen fraction in SiNx films, calculated according to Eqn. 3.8,
increases with increasing refractive index (n & 2) and with decreasing refractive index
(n . 2). For silicon-rich silicon nitride films (n & 2.3) the hydrogen fraction is mainly de-
termined by the concentration of Si-H bonds in the film. With decreasing refractive index
n, the concentration of Si-H bonds strongly decreases and thus the hydrogen fraction of
nitrogen-rich SiNx films with n . 2 is mainly determined by the N-H bond concentration.
This bond concentration strongly increases towards nearly stoichiometric films and thus
the hydrogen fraction shows a minimum at a refractive index of n ≈ 2.
5.3 Impact of SiNx composition on LeTID
Figure 5.3 shows the impact of SiNx films on the maximum LeTID extent on mc-Si sam-
ples with different Si/N ratios and thus varying refractive indices n. To separate beween
effects stemming from the SiNx composition and the film thickness, the films used in Fig.
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FIGURE 5.3: (a) Effective carrier lifetime τeff and (b) maximum effective defect density
N∗max of 1.2Ω cm p-type mc-Si samples plotted versus the refractive index n of the de-
posited SiNx layers (lower axis) and the corresponding silicon-to-nitrogen ratio (upper
axis) of the SiNx film. The SiNx film thickness is constant at dSiN = (131± 5) nm. The
dashed lines are guides to the eyes.
5.3 have a constant film thickness of (131± 5) nm. The sample with the lowest refrac-
tive index of n = 1.96 only shows a weak degradation from 263 µs after RTA treatment
to 191 µs in the fully degraded state. The degradation extent strongly increases with in-
creasing refractive index up to a value of n = 2.33. For this sample, the lifetime drops from
initially 320 µs down to 31 µs in the fully degraded state, which is reached after 10.2 h at
an illumination intensity of 0.5 suns and a temperature of 120 ◦C. There seems to be
a broad peak in the maximum degradation extent between n = 2.33 and n = 2.5. For
even higher refractive indices, the degradation extent decreases up to a refractive index
of n = 2.68. Unfortunately, samples with refractive indices above n = 2.7 show a pro-
nounced surface recombination increase after RTA treatment. Thus, the defect activation
cannot be clearly distinguished from effects stemming from the surface recombination on
those samples.
5.4 Impact of SiNx film thickness on LeTID
Figure 5.4 shows the LeTID extent as a function of the SiNx film thickness dSiN using a
constant refractive index of n = 2.28. The lifetimes in the fully degraded state decrease
with increasing film thicknesses between 74 and 105 nm, thus the degradation extent
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FIGURE 5.4: (a) Effective carrier lifetime τeff and (b) maximum effective defect density
N∗max plotted versus the silicon nitride film thickness dSiN. The refractive index of the
silicon film is kept constant at n = 2.28 (measured at a wavelength of 633 nm). The
dashed lines are guides to the eyes.
increases. However, the degradation extent seems to saturate for film thicknesses above
105 nm up to the maximum investigated film thickness of 136 nm.
5.5 Determination of the bulk hydrogen concentration
In order to correlate the findings of sections 5.3 and 5.4 with the actual hydrogen con-
centration diffused into the silicon bulk upon RTA treatment, we measure the evolution of
boron-hydrogen (BH) pairs in FZ-Si [76]. Due to the formation of BH pairs, the base re-
sistivity during dark annealing at 160 ◦C increases as shown in Fig. 5.5(a). According to
the model of Voronkov and Falster, the hydrogen in the silicon bulk is largely quenched-in
in the form of hydrogen dimers of a configuration H2A during cool down of the RTA pro-
cess [75]. Upon annealing at 160 ◦C, these hydrogen dimers dissociate and the released
atomic hydrogen forms boron-hydrogen pairs (BH pairs). Thus, the resistivity increases,
because the fraction of boron bound in the BH pairs does no longer contribute to the
sample’s conductivity. Let [H]2A denote the concentration of hydrogen dimers of a con-














5.5. Determination of the bulk hydrogen concentration 57
FIGURE 5.5: (a) Evolution of the base resistivity ρ plotted versus the annealing time t
at 160 ◦C in the dark for boron-doped 1.2Ω cm FZ-Si wafers. The blue triangles show a
sample with large hydrogen concentration [H]tot, while the black circles show a sample
with a low [H]tot. Uncertainties are given for the reproducibility of the measurements.
The dashed lines are guides to the eyes. The base resistivity increases due to the
formation of boron-hydrogen pairs. (b) Boron-hydrogen pair concentration [BH] calcu-
lated for the samples shown in (a). The dashed lines are fits according to the model
of reference [75] with χA = 4× 1046 cm−9 and αA and [H]tot as free fit parameters.
Uncertainties are given including systematic deviations in our measurements.
with [B] being the concentration of boron that is not bound in BH pairs, p the hole con-
centration, αA the dissociation rate constant of H2A and χA an equilibrium constant. The
total hydrogen concentration is the sum of the concentrations of BH pairs and the amount
of hydrogen bound in H2A dimers: [H]tot = [BH] + 2[H]2A. Figure 5.5(b) shows the cal-
culated concentrations of BH pairs from the measured resistivity changes shown in Fig.
5.5(a) and the solution of Eqn. 5.2 (dashed lines) with χA = 4× 1046 cm−9 taken from
Voronkov and Falster [75]. Least-square fitting shows that all samples can be well de-
scribed by αA = (4.8± 1.0)× 10−22 cm−3s−1. Figure 5.6(a) shows the extracted total
hydrogen concentrations [H]tot in the silicon bulk versus the refractive index n measured
at a wavelength of 633 nm of the respective SiNx coating. The SiNx film thickness is con-
stant with dSiN = (131± 7) nm. The minimum hydrogen concentration in the silicon bulk
after RTA treatment is measured for nearly stoichiometric SiNx films with n close to 1.9.
The total hydrogen concentration [H]tot increases with increasing refractive index n up to
a refractive index of n ≈ 2.4. For further increasing refractive indices, however, [H]tot de-
creases again with increasing n, that is increasing silicon content in the SiNx film. Figure
5.6(b) shows the maximum effective defect density N∗max of mc-Si lifetime samples plotted
versus the total hydrogen concentration [H]tot in FZ-Si wafers processed in parallel to the
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FIGURE 5.6: (a) Total hydrogen concentration [H]tot after RTA treatment of SiNx -coated
FZ-Si wafers plotted versus the refractive index n of the SiNx films measured at a
wavelength of 633 nm. The dashed line is a guide to the eyes. (b) Maximum effective
defect density N∗max of mc-Si wafers extracted from Fig. 5.3 plotted versus the total
hydrogen concentration [H]tot extracted from (a) (interpolated piecewise linear). The
degradation extent in mc-Si shows a pronounced positive correlation with the hydrogen
content introduced from SiNx films during RTA.
mc-Si samples. The total hydrogen concentration in the FZ-Si samples is interpolated
piecewise linear to fit with the refractive indices of the SiNx films on the mc-Si samples.
The pronounced correlation between [H]tot and N∗max depicted in Fig. 5.6(b) is a strong
indication that hydrogen is directly involved in the carrier lifetime degradation observed
on mc-Si lifetime samples. Note that the mean actual peak temperature during RTA treat-
ment of the FZ-Si samples is 24 ◦C lower than on the mc-Si samples, which might lead to
a reduced hydrogen in-diffusion on the FZ-Si samples compared to the mc-Si samples. It
is assumed that this only affects the total hydrogen concentrations and not the qualitative
comparisons between the samples. Also, note that the hydrogen diffusivity in FZ-Si and
mc-Si might be different, which adds another uncertainty to the quantitative comparison
between both sample types. However, the experimental results show no indication that
the impact of the SiNx composition and thickness on the hydrogen in-diffusion into the
silicon bulk is qualitatively different on mc-Si material compared to FZ-Si.
5.6 Hydrogen in-diffusion during RTA
As shown in the previous section, our measurements reveal that the total hydrogen con-
centration [H]tot in the FZ-Si samples after RTA treatment reaches a maximum for SiNx
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FIGURE 5.7: (a) Total hydrogen loss [H]loss of SiNx films upon RTA treatment plotted
versus the refractive index of the SiNx film measured at a wavelength of 633 nm. Silicon
nitride films with a high refractive index release more hydrogen during RTA treatment,
while nearly stoichiometric films release the least hydrogen. The dashed line is a guide
to the eyes. (b) Hydrogen content H of a 96 nm thick SiNx film before and after RTA
treatment plotted versus the thickness d of the film. The hydrogen depth profile is
measured using the NRA method and scaled to the measured film thickness. The
top axis displays the energy offset of the ion beam to the energy at which the nuclear
reaction takes place. The approximate position of the Si/SiNx interface is indicated by
a vertical dashed line.
films with a refractive index n between 2.3 and 2.5 and decreases for higher and lower
refractive indices, respectively. This finding is in good agreement with previous results of
Hong et al., who showed that the degree of silicon bulk passivation, presumably due to
a larger amount of hydrogen in the silicon bulk, increases with increasing mass density
of the silicon nitride films [77]. According to the RBS measurements on our samples,
the maximum mass density in the study of Hong et al. of ρ ≈ 2.5 gcm−3 corresponds
roughly to a refractive index of n ≈ 2.4 of the SiNx films in this study. Thus, we can
confirm that the amount of hydrogen introduced during RTA treatment increases with
increasing refractive index up to n ≈ 2.4.
Figure 5.7(a) shows the total hydrogen loss [H]loss calculated from the total hydrogen
concentrations in the SiNx films before and after RTA treatment. The total hydrogen
concentrations in the respective SiNx films are measured using FTIR. The hydrogen
loss during RTA treatment increases with increasing refractive index n. This finding in
combination with the finding displayed in Fig. 5.6(a) clearly shows that the total amount
of hydrogen released from the SiNx films during RTA treatment is no meaningful measure
for the actual in-diffusion of hydrogen into the silicon bulk. The films with a refractive index
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of n > 2.6 show the largest hydrogen loss during RTA treatment, however, they introduce
less hydrogen than SiNx films with a refractive index of n ≈ 2.4. This is because most
of the hydrogen released from the SiNx films diffuses into the environment. Figure 5.7(b)
shows depth-resolved measurements of the hydrogen concentration in a SiNx film before
and after RTA treatment. Before the RTA treatment as well as after the RTA treatment,
the hydrogen concentration is homogeneous along the film’s thickness. Note that the
depth resolution of the displayed measurement is not sufficient to show a possible build
up of hydrogen due to the hydrogen diffusion during RTA treatment at the silicon/silicon
nitride interface.
Our experimental results are interpreted in the framework of a defect model that in-
cludes the in-diffusion of hydrogen from hydrogen-rich SiNx coatings into the silicon bulk
during RTA treatment. Details of the defect model, which was developed in this thesis,
are described in chapter 6. Our RBS measurements depicted in Fig. 5.1(b) show that
the atomic density ρatom of the SiNx films increases with decreasing refractive index n,
thus stoichiometric SiNx films have the highest atomic density. Since the hydrogen diffu-
sivity in SiNx films with a high atomic density is known to be low [78], hydrogen cannot
effectively diffuse into the silicon bulk during RTA treatment (cf. Fig. 5.6(a), increasing
hydrogen content with increasing refractive index for n < 2.4). With increasing refractive
index, and thus decreasing atomic density, hydrogen becomes more mobile in the SiNx
layer and the fraction of hydrogen entering the silicon bulk increases. However, with de-
creasing atomic density the hydrogen in the SiNx tends to form hydrogen dimers [52, 78].
Since those dimers cannot effectively diffuse into the silicon bulk, the hydrogen fraction
in the silicon bulk decreases for the SiNx films with the lowest atomic density, i.e. the
highest refractive index (cf. Fig. 5.6(a), decreasing hydrogen content with increasing re-
fractive index n for n > 2.4). Since the hydrogen in-diffusion depends largely on the film
properties near the SiNx /Si interface, an increase of the SiNx film thickness impedes the
out-diffusion of hydrogen from near the interface into the environment. Thus, the greater
concentration gradient causes the hydrogen fraction in the silicon bulk to increase with
increasing film thickness. However, for film thicknesses much larger than the diffusion
length of hydrogen in SiNx during RTA treatment, the fraction of hydrogen introduced into
the silicon bulk saturates. Therefore, the maximum defect density N∗max shown in Fig. 5.4
saturates for SiNx film thicknesses larger than ≈ 105 nm.
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5.7 Chapter summary
In this chapter, we investigated the impact of hydrogen-rich SiNx films of various composi-
tions on the amount of hydrogen introduced into the silicon bulk during an RTA treatment.
We measured the bulk hydrogen concentration on boron-doped FZ-Si samples by moni-
toring resistivity changes of the silicon bulk due to the formation of boron-hydrogen pairs.
Most hydrogen was found to be introduced from silicon-rich SiNx layers with a refractive
index n (measured at a wavelength of 633 nm) between 2.3 and 2.5. For both higher and
lower refractive indices (i.e. for higher and lower silicon-to-nitrogen ratios), the hydrogen
amount in the silicon wafer decreases. Almost stoichiometric SiNx films with a refractive
index close to 1.9 were found to introduce the minimum hydrogen content into the silicon
bulk. On mc-Si wafers, we showed for the first time that the LeTID extent directly corre-
lates with the concentration of hydrogen introduced into the silicon bulk. The higher the
hydrogen content in the silicon bulk, the more pronounced is the carrier lifetime degra-
dation. In addition, we showed that LeTID on mc-Si lifetime samples depends on the
SiNx film thickness. The degradation extent increases with increasing film thickness (at
a constant refractive index of n = 2.28) from 74 to 105 nm. However, the LeTID extent
saturates for SiNx film thicknesses larger than 105 nm up to the maximum investigated
film thickness of 136 nm.
Our investigations of the SiNx film properties revealed that the total hydrogen loss
of the respective film during RTA is not a meaningful measure of the amount of hydro-
gen introduced into the silicon bulk. Furthermore, we derived a model explaining the





Based on the measurements presented in chapters 4 and 5, we propose a defect model
including complexes of metal impurities with hydrogen. As described in the previous
chapter, hydrogen diffuses from hydrogen-rich silicon nitride films into the silicon bulk
upon RTA treatment. Also, during RTA treatment at sufficiently high temperature, latent
precipitates of a particular metal Mp dissolve into most likely interstitial metal atoms Mi.
This is a realistic assumption because of the high concentrations of metal impurities dif-
fusing from the crucible into the mc-Si material during crystallization [17, 18]. In the model
proposed in this thesis, the interstitial metal atoms Mi bind to hydrogen atoms in-diffused
from the silicon nitride coating. The binding to hydrogen prevents the Mi from rejoining
by forming Mi-H complexes. The resulting Mi-H complexes are no strong recombination
centers or might even be completely recombination-inactive. However, upon illumination
at elevated temperature, the Mi-H complexes reconfigure and eventually dissociate. The
reconfigured Mi-H* complex and the interstitial metal atoms Mi are both assumed to be
recombination-active, thus limiting the carrier lifetime by a two-stage lifetime degradation,
as observed on the mc-Si samples (cf. Fig. 4.6). Meanwhile, the free hydrogen binds to
other traps, abundant in mc-Si.
We further propose a model of the carrier lifetime regeneration, based on the pro-
nounced wafer thickness dependence found in this thesis and described in detail in sec-
tion 4.6. The pronounced wafer thickness dependence is explained by the recombination-
active interstitial metal atoms Mi diffusing mainly to the wafer surfaces and to crystallo-
graphic defects, where they are trapped and become recombination-inactive. The defect
model is summarized in Fig. 6.1, however note that for the sake of clarity the degradation
is displayed as a single stage (i.e. the reconfigured Mi-H* stage is omitted).


















FIGURE 6.1: Suggested defect model for the carrier lifetime evolution in mc-Si. (a)
Rapid thermal annealing at sufficiently high temperature introduces hydrogen from
hydrogen-rich silicon nitride coatings into the silicon bulk and dissolves precipitates
of metal impurities. The resulting metal-hydrogen complexes dissociate under illumi-
nation (i.e. excess carrier injection) at elevated temperature into highly recombination-
active interstitial metal atoms and hydrogen. The reconfiguration of the Mi-H complexes
leading to a two stage degradation is not shown. (b) Upon prolonged illumination at
elevated temperature, the interstitial metal atoms diffuse to the wafer surfaces and
crystallographic defects where they are trapped.
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The following sections discuss the experimental results which led to the above-mentioned
defect model. First, the experimental results with indications towards the involvement of
a metal impurity in the lifetime-limiting defect are presented. Together with the results
from chapter 5 concerning the direct involvement of hydrogen, this work concludes that
metal-hydrogen complexes are most likely the root cause of LeTID in mc-Si. These re-
sults are accompanied by our experiments on mc-Si wafers with different thicknesses.
Spatially resolved lifetime imaging reveals that the rate of the carrier lifetime regener-
ation strongly depends on the respective wafer thickness. Therefore, we propose the
above-mentioned diffusion mechanism of metal atoms to the wafer surfaces, explaining
the observed behaviour shown in Fig. 4.8. Furthermore, by numerical modelling of the
proposed defect model, we extract the diffusion coefficient of the recombination-active
species at a temperature of 75 ◦C.
6.1 Indications for the involvement of a metal impurity
As shown in chapter 5, there are strong indications that hydrogen is directly involved in
the lifetime-limiting defect. However, the experimental results presented in this section
point towards the involvement of a metallic impurity. This renders metal-hydrogen com-
plexes, as proposed in the above-described defect model, the likely root cause of the
LeTID effect.
6.1.1 Dependence on RTA peak temperature
There is a pronounced impact of the RTA peak temperature on the degradation extent,
i.e. the maximum effective LeTID defect density. As can be seen from Fig. 4.3, the
maximum effective defect density strongly increases with increasing peak temperature.
In fact, for a low set-peak temperature of ϑpeak = 650 ◦C only a very weak carrier lifetime
degradation is observed (cf. Fig. 4.2(b)).
This behaviour can be explained by both the in-diffusion of hydrogen from hydrogen-
rich surface passivation layers and the dissolution of metal precipitates into interstitial
metal atoms during RTA treatment. Jiang et al. [70] showed that the amount of hydrogen
diffusing from silicon nitride films into the silicon bulk during annealing depends on the
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temperature of the anneal. They observed that the bulk hydrogen concentration after an-
nealing increases with increasing temperature. This is consistent with our defect model,
since with increasing RTA peak temperature more hydrogen diffuses into the silicon bulk,
preventing more interstitial metal atoms from rejoining into metal precipitates. On the
other hand, the dissolution of metal precipitates also depends on the peak temperature
during RTA. Lelièvre et al. [79] showed that the concentration of interstitial iron, stemming
from the dissolution of iron precipitates in mc-Si wafers, increases with increasing RTA
temperature. According to the proposed defect model, an increase in metal precipitate
dissolution leads to an increase in degradation extent. In the proposed defect model, the
presence of hydrogen as well as interstitial metal atoms is required, as the hydrogen is
assumed to prevent the metal atoms from rejoining into metal precipitates. The metal
precipitates are either recombination-inactive or recombination-active. However, in the
latter case, they do not limit the carrier lifetime due to the low density of precipitates.
Since the interstitial metal atoms are assumed to be highly recombination-active and
the Mi density is large, the dissolution of metal precipitates during RTA limits the defect
activation.
6.1.2 Dependence on phosphorus gettering
As shown in Fig. 4.5, mc-Si lifetime samples that underwent phosphorus gettering exhibit
a pronounced reduction in the degradation extent compared to samples that received no
phosphorus gettering step. Since phosphorus gettering is known to effectively getter
metallic impurities from the silicon bulk [56, 80–82], this points towards the involvement
of such a getterable impurity in the lifetime-limiting defect.
6.1.3 Injection-dependent lifetime spectroscopy
In order to characterize the recombination properties of LeTID we use injection-dependent
lifetime measurements on mc-Si lifetime samples. Based on the approach described in
more detail in subsection 2.3.4, the electron-to-hole capture cross-section ratio Q is ex-
tracted from injection-dependent lifetime measurements in the initial state and in the
fully degraded state. We determine the Q value for the LeTID defect on two different
high-performance mc-Si materials. The base resistivities are 1.6Ω cm (material A) and
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carrier lifetime in the fully degraded state and τ0 the initial lifetime plotted versus the ra-
tio of minority carriers to majority carriers. The Q values are extracted from linear fits to
the calculated data, weighting the data points according to their respective uncertainty.
The dashed lines are guides to the eyes.
1.4Ω cm (material B). Under the assumption of a deep-level center, the Q value deter-
mined for material A is QA = 28 ± 2 and QB = 29 ± 4 for material B, as depicted in
Fig. 6.2(a). The Q values for both materials are identical within the measurement uncer-
tainty, indicating that the same defect center limits the carrier lifetime after LeTID in both
materials.
The capture cross-section ratios determined in this thesis are consistent with values
reported in the literature by Morishige et al. (26 ≤ Q ≤ 36) [83], Nakayashiki et al.
(Q = 28.5) [58] and Niewelt et al. (Q ≈ 35) [84]. The reported Q values for the LeTID-
specific defect are relatively large (Q  1) and hence point towards the involvement of a
metallic impurity in the LeTID process [85].
6.1.4 Photoluminescence imaging of mc-Si lifetime samples
Figure 6.3 shows a carrier lifetime image measured by PC-PLI of an mc-Si lifetime sam-
ple before and after LeTID. The grain boundaries in the degraded image appear brighter
than the intra-grain areas and are less affected by LeTID. This is consistent with mobile
metallic impurities causing LeTID, because of metal gettering by grain boundaries, which








































FIGURE 6.3: Carrier lifetime images measured by PC-PLI at a constant excess carrier
density ∆n = 2× 1014 cm−3 of an mc-Si lifetime sample before and after LeTID. The
bottom image shows the calculated effective defect density N∗ = 1/τdegraded − 1/τinitial.
The grain boundaries in the degraded image show a higher lifetime and thus a lower
effective defect density compared to the intra-grain areas.
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FIGURE 6.4: (a) Evolution of the effective defect density N∗(t) of mc-Si wafers of vari-
ous thicknesses (symbols) during illumination at 1 sun and at 75 ◦C. The solid lines are
numerically simulated by solving equation 6.1 using the same diffusion coefficients of
D = 5× 10−11 cm2s−1 for all curves shown. (b) Initial Mi-H* concentration c1(0) used
in our numerical simulation plotted versus the sample thickness W . The initial Mi-H*
concentration increases with increasing sample thickness. The dashed line is a guide
to the eyes.
results in a metal concentration depletion in the direct vicinity of the grain boundaries.
6.2 Kinetics of the carrier lifetime regeneration
As described in section 4.6, the time evolution of the effective defect density of the
species responsible for LeTID in mc-Si wafers shows a pronounced dependence on the
wafer thickness. We use mc-Si lifetime samples with thicknesses between 128 µm to
159 µm illuminated at 1 sun light intensity at 75 ◦C. We numerically simulate the evolution
of the effective defect density based on the defect model described above and compare
the results with the measured data. Within this defect model, interstitial metal atoms
Mi are assumed to be the lifetime-limiting species after complete LeTID, thus a direct
proportionality between the effective defect density and the actual concentration of inter-
stitial metal atoms is assumed. During prolonged ilumination at elevated temperature,
the mobile Mi atoms diffuse to the wafer surfaces and to crystallographic defects. This
mechanism explains the observed regeneration effect.
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In the case that the mobile Mi atoms diffuse mainly to both wafer surfaces, the evo-




c1(t) = −k12 · c1(t),
∂
∂t
c2(x , t)− D ∂
2
∂x2
c2(x , t) = k12 · c1(t), (6.1)
with c2(x , t) being the defect density of the recombination-active defect Mi at time t and
depth x , c1(t) the concentration of the Mi-H* complex, assumed to be homogeneously
distributed throughout the wafer, k12 the rate constant of the Mi-H* dissociation and D
the diffusion coefficient of Mi in crystalline silicon. In order to solve Eqn. 6.1, the time
and space variables are discretized and the forward-time central-space (FTCS) method
is implemented in the Octave software [86, 87]. As boundary condition it is assumed that
the defect concentration c2(t) at the wafer surfaces equals zero at all times. The value
of the dissociation rate constant k12 = 4× 10−6 µs−1 has been chosen to reproduce the
degradation kinetics at 1 sun illumination intensity at a temperature of 75 ◦C and is kept
constant throughout this experiment. However, the value of the dissociation rate does not
have a major impact on the extracted diffusion coefficient D. This is because the diffusion
is much slower than the dissociation, and hence the diffusion is the limiting process.
Since the effective defect density is extracted from lifetime measurements, which average
over the entire sample thickness, this study displays the arithmetic mean of the calculated
defect density over the sample thickness: c2(t) ∝ N∗(t).
Figure 6.4(a) shows the defect densities c2(t) (solid lines) according to the solution
of Eqns. 6.1 using a single diffusion coefficient of D = 5× 10−11 cm2s−1 for all sam-
ple thicknesses. Comparing the simulated solid lines with the experimentally determined
N∗(t) data, it can be seen that for this diffusion coefficient, the N∗(t) dependence can
be well described by the model used in this study. Note that an increasing deviation
in the position of the maximum defect density with decreasing wafer thickness between
the experimental data and the simulated data is observed. This deviation might be due
to slightly higher excess carrier densities in thinner samples at constant illumination,
however, it does not have a major impact on the extracted diffusion coefficient. The un-
certainty of the extracted diffusion coefficient is estimated according to the measurement
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scatter to be D = (5± 2)× 10−11 cm2s−1.
It is important to note that the good agreement between the measured and the calcu-
lated defect evolution in Fig. 6.4(a) requires the adjustment of the initial Mi-H* concentra-
tion c1(0) for the different curves, resulting in a strongly decreasing Mi-H* concentration
with decreasing wafer thickness. Figure 6.4(b) shows the used values for the initial Mi-H*
concentration c1(0) plotted versus the sample thickness W . For wafer thicknesses below
150 µm, c1(0) increases linearly with increasing thickness, whereas c1(0) seems to satu-
rate for W > 150 µm. The pronounced dependence of the initial Mi-H* concentration on
the wafer thickness is not expected from the defect model described above. One possi-
ble explanation of this unexpected behaviour is a surface gettering effect during the RTA
step, which reduces the available Mi concentration for the complex formation. Thus, the
thinner the wafer, the larger the fraction of impurities (Mi) trapped at the wafer surfaces
would be. For thicker wafers (> 150 µm) the impact of the sample thickness on c1(0) de-
creases, because the impurities are rather gettered by crystallographic defects than by
the wafer surfaces. However, note that the apparent saturation for W > 150 µm is based
on one data point, thus further studies including wafers with a broader sample thickness
range are necessary.
In the following, we compare the extracted diffusion coefficient D with published data
of diffusion coefficients of various relevant impurities in silicon. Note that most diffusion
coefficients in the literature are not measured at a temperature of 75 ◦C. Hence, the
ranges shown in Fig. 6.5 are extrapolated from measurements performed at higher tem-
peratures, resulting in very large uncertainty ranges. In addition, the diffusion coefficients
reported in the literature are determined for monocrystalline silicon only, and hence the
diffusivities in mc-Si might deviate from the ones reported in the literature. As can be
seen from Fig. 6.5, the diffusion coeffcients of mobile impurities in crystalline silicon vary
over many orders of magnitude. Regarding the metallic impurities, only cobalt and nickel
are reported to have diffusion coefficients within the same order of magnitude as deter-
mined from our thickness-dependent regeneration measurements. Interestingly, there
are known recombination centers for cobalt and nickel in silicon. In particular, cobalt is
known to form two recombination centers in silicon: one with an electron-to-hole capture
cross-section ratio of Q = 0.15 and the other one with a value of Q = 16 [101]. However,
the Q = 16 value reported for cobalt is lower than the values determined in this study and
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FIGURE 6.5: Comparison of the diffusion coefficient determined in this work (red
shaded bar) with diffusion coefficients of various impurities in crystalline silicon ex-
trapolated to a temperature of 75 ◦C. References: iron [88], copper [89, 90], cobalt
[91, 92], titanium [88, 93], chromium [88, 94, 95], nickel [96, 97], manganese [98], and
hydrogen [99, 100].
the values reported in the literature for the degradation in mc-Si. Nonetheless, this does
not exclude cobalt as a likely candidate for one component of the lifetime limiting-defect in
mc-Si. The capture cross-section ratio for cobalt defects was measured on intentionally
contaminated monocrystalline silicon samples, thus there might be other cobalt-related
recombination centers with a different Q value in the mc-Si samples studied in this work.
Concerning nickel, there are no reported Q values for isolated nickel in silicon. This is
because nickel is a very fast diffusor and tends to form precipitates as indeed described
in the defect model in this study [102]. Nickel as a candidate for the metallic species is
supported by Deniz et al. [103], who found nickel-containing defects in degraded PERC
solar cells using energy dispersive X-ray spectroscopy (EDX).
6.3 Comparison with the literature
This section compares our presented experimental results on the LeTID effect and our
resulting defect model with results published in the literature. Niewelt et al. [84] found
that the total width of the metal concentration depletion zones (so-called denuded zones)
around grain boundaries (cf. Fig. 6.3) ranges from 200 to 400 µm. They stated that
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the denuded zones are likely caused by internal gettering of a defect precursor species
during the RTA treatment. Under this assumption, they ruled out some common metallic
impurities based on their respective diffusivity. They found that cobalt remains as a likely
candidate for the impurity, which is consistent with our results.
Luka et al. [104] showed that degraded mc-Si solar cells regenerate under dark an-
nealing conditions at temperatures above 150 ◦C. However, the regenerated state after
dark annealing was found unstable, because switching back to LeTID conditions (1 sun
light intensity at 75 ◦C) resulted in a second degradation. More recently, Fung et al.
[105, 106] performed experiments cycling between dark annealing conditions and laser il-
lumination at elevated temperature. In contrast to the study of Luka et al., they performed
multiple cycles and waited within each laser illumination cycle until the fully regenerated
state was reached. They reported that the maximum LeTID defect density decreases
with increasing cycle count and attributed this effect to a depletable reservoir state for
the LeTID precursor, which was assumed to include hydrogen [106]. A depletable reser-
voir state is fully compatible with the LeTID model proposed within this thesis. There
are two possible mechanisms: (i) hydrogen is released from hydrogen-containing bonds
during dark annealing conditions and (ii) metal precipitates partly dissolve during dark
annealing conditions and emit interstitial metal atoms Mi. Interestingly, Chan et al. [107]
found that the LeTID extent is modulated by the applied dark annealing temperature. This
effect could be explained by the partial out-diffusion of the interstitial metal atoms Mi to
the wafer surfaces under dark annealing conditions. Our LeTID model is also consistent
with observations from Chen et al. [108], who found that a degradation effect with similar
characteristics as LeTID can be observed under dark annealing conditions. This might
be due to a purely thermal dissociation of the Mi-H complexes.
There are experiments from Jensen et al. [109], who evaluated the role of hydrogen
in the context of the high-temperature RTA treatment. They found that an RTA treatment
is not necessary to trigger the LeTID defect, if the samples have previously been treated
in a hydrogen plasma at temperatures between 350 and 375 ◦C, sufficient to introduce
a small amount of hydrogen into the samples. They concluded that the dependence
of LeTID on the high-temperature RTA treatment is due to the in-diffusion of hydrogen
rather than the actual temperature profile. However, the samples from Jensen et al. [109]
received a phosphorus diffusion step prior to the hydrogen plasma treatment. It can be
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conjectured that during the phosphorus diffusion step at temperatures around 835 ◦C
the metal precipitates already started to dissolve into Mi, which after the subsequent
hydrogenation led to the formation of Mi-H complexes. In addition to that, Jensen et al.
[109] found that samples which were RTA treated without hydrogen-rich passivation layer
being present, but with a subsequent hydrogen plasma treatment, only showed a small
LeTID extent. This can be explained by the renewed precipitation of Mi during RTA, if
during the cooling-down no hydrogen is present to bind the Mi.
6.4 Chapter summary
Based on the experimental findings in this study, we derived a novel defect model for
the LeTID effect in mc-Si. The experiments showed that the defect activation cannot
solely be attributed to hydrogen, but requires another most likely metallic species. Hence
we propose metal-hydrogen complexes as precursors for the LeTID defect. Upon RTA
treatment at sufficiently high temperature, latent precipitates of a metallic impurity dis-
solve and form interstitial metal atoms. Those metal atoms are immediately captured by
hydrogen stemming from hydrogen-rich surface passivation layers, preventing the metal
atoms from rejoining into metal precipitates. The so-formed metal-hydrogen complexes
are no strong recombination centers or might even be completely recombination inactive.
However, under illumination at elevated temperature those complexes dissociate and the
free hydrogen is captured by other traps abundantly present in mc-Si. The remaining
interstitial metal atoms are assumed to be highly recombination-active, thus causing the
degradation of the carrier lifetime. Upon prolonged illumination at elevated temperature,
the interstitial metal atoms diffuse mainly to the wafer surfaces and to crystallographic de-
fects, where they are trapped. This diffusion process explains the observed regeneration
of the carrier lifetime.
Experimental indications pointing towards the involvement of a metallic impurity in-
clude injection-dependent lifetime spectroscopy and photoluminescence imaging results.
We found electron-to-hole capture cross-section ratios for the lifetime-limiting defect of
QA = 28± 2 and QB = 29± 4 on two different mc-Si materials A and B. The relatively
large value of Q  1 points towards the involvement of a metallic impurity. In addition to
that, photoluminescence imaging in the fully degraded state reveals that grain boundaries
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appear brigher than the intra-grain areas and are less affected by the degradation. This
observation is consistent with mobile metallic impurities causing the lifetime degradation,
because of metal gettering at the grain boundaries.
Finally, we modelled the pronounced dependence of the degradation extent and the
regeneration kinetics based on the proposed defect model, where a mobile species dif-
fuses to the wafer surfaces. Based on a lifetime study including samples with different
thicknesses, we extracted the diffusion coefficient D of the mobile species at a tempera-
ture of 75 ◦C. The value of D = (5± 2)× 10−11 cm2s−1 renders cobalt and nickel likely





Within this thesis, we investigated the carrier lifetime degradation and regeneration in
multicrystalline silicon (mc-Si) material under illumination at elevated temperature. The
focus of this work is to uncover the underlying physical principle of the defect activation
and to create a defect model based on it. In this thesis, for the first time, we examined
the detailed dependence of the degradation kinetics on temperature and illumination in-
tensity. The degradation proceeds in a fast and a slow stage, thus it does not follow
a mono-exponential decay. Both the slow and fast degradation rates increase linearly
with increasing illumination intensity. Increasing the temperature at constant illumination
intensity leads to an increase of both rates according to an Arrhenius law. In contrast
to the degradation, the subsequent regeneration proceeds in a single stage and after
complete regeneration, the carrier lifetime is comparable or even higher compared to the
initial state.
The process steps for the fabrication of both mc-Si solar cells and lifetime samples
show a pronounced impact on the defect kinetics and the degradation extent. In this the-
sis, we showed for the first time that LeTID is greatly affected by rapid thermal anneal-
ing (RTA), typically used for the contact formation as the last process step in solar cell
production. The degradation extent strongly increases with increasing RTA peak tem-
perature. Furthermore, mc-Si samples which underwent a phosphorus gettering step,
which is known to effectively remove metallic impurities from the silicon bulk, show a
pronounced reduction of the degradation extent. Compared to samples which did not un-
dergo a phoshorus gettering step, the degradation extent is four times less pronounced.
In addition to that, the degradation extent shows a pronounced dependence on the ap-
plied dielectric passivation layers. We found that mc-Si lifetime samples passivated with
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Al2O3 single layers only showed a negligible carrier lifetime instability. In contrast to that,
samples passivated with an Al2O3/SiNx stack passivation showed a pronounced carrier
lifetime instability. Finally, we surprisingly found, that the carrier lifetime regeneration
shows a strong dependence on the wafer thickness. The regeneration proceeds faster
the thinner the wafer is.
Since silicon nitride films play a major role in the LeTID defect, we characterized
their properties and their impact on LeTID in detail. We showed for the first time, that
hydrogen diffusing from hydrogen-rich silicon nitride films into the silicon bulk during RTA
shows a strong positive correlation with the degradation extent. The more hydrogen
is introduced into the mc-Si material, the more pronounced is the observed degradation.
The experiments in this thesis revealed that most hydrogen is introduced from silicon-rich
silicon nitride layers with a refractive index n between 2.3 and 2.5. For both higher and
lower refractive indices (i.e. for higher and lower silicon-to-nitrogen ratios), the introduced
hydrogen amount decreases. In addition to that, the degradation extent also depends
on the film thickness of the silicon nitride film. The degradation extent increases with
increasing film thickness, however for film thicknesses larger than 105 nm the degradation
extent saturates.
Based on the experimental findings of this thesis, we introduced a novel defect model
describing the LeTID defect physics. The experimental results showed that the LeTID de-
fect cannot be solely attributed to the in-diffusion of hydrogen into the silicon bulk during
RTA treatment nor by metallic impurities, despite strong indications that both components
are involved. Therefore, the defect model assumes metal-hydrogen complexes as pre-
cursors of the LeTID-specific defects. These complexes are assumed to dissociate upon
illumination at elevated temperature into interstitial metal atoms and hydrogen. The free
hydrogen binds to other traps abundantly present in mc-Si and the remaining interstitial
metal atoms limit the carrier lifetime. The regeneration is explained by the diffusion of the
interstitial metal atoms to the wafer surfaces and to crystallographic defects, where they
are trapped. The proposed defect model is compared to results from the literature and is
found to consistently describe most experimental findings.
Based on the results of this thesis, we proposed several pathways for avoiding lifetime
instabilities in mc-Si. There are three main options: (i) Improve the material quality, in
order to reduce the concentration of metallic impurities, (ii) to use thinner mc-Si wafers
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and (iii) to adapt process steps during solar cell fabrication. Especially the deposition of
the SiNx layers offers a powerful tool to avoid LeTID. Using nearly-stoichiometric SiNx
films and/or reducing the layer thickness results in a reduced LeTID extent.
There are several new questions that arise from the results presented in this the-
sis. We examined the hydrogen in-diffusion into the silicon bulk from SiNx single layers.
However, the impact of Al2O3 interlayers between SiNx and the silicon bulk, as widely
used in solar cells, on the hydrogen diffusion is not well understood, since Al2O3 might
act as a diffusion barrier. In addition, the question arises whether hydrogen-correlated
lifetime-limiting defects also exist in other silicon materials such as float-zone silicon and
Czochralski-grown silicon. Further questions arise regarding the practical implementa-
tion of the pathways we proposed for avoiding LeTID. Since the peak temperature during
RTA treatment is an important parameter for the metal contact formation, lowering the
peak temperature could result in increased series resistance. Further research is nec-
essary for the optimization of the metal pastes applied during screen-printing for the use
at lower RTA peak temperatures. In addition to that, reducing the hydrogen in-diffusion
into the silicon bulk by adjusting the SiNx layers applied during solar cell fabrication could
result in lower surface passivation quality and altered optical properties of the SiNx layer.
Further research is needed to find the optimum between suppressing LeTID on the one
hand and a high surface passivation quality as well as good anti-reflective properties and
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